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The aim of the present study is to reveal the detailed process of detonation re-
initiation using ethylene fuel through multiple reflections, investigate the 
mechanisms that could contribute to the final re-initiation after several 
successive reflections and compare the differences between stable and unstable 
detonation re-initiation processes. In order to observe the dynamic changes of 
the phenomenon using different complementary approaches, Schlieren 
Photography, soot foil visualization, planar laser induced fluorescence (PLIF) 
and numerical simulations have been employed. A typical bifurcation chamber 
was used as a representative tool to allow us to study the phenomenon. 
A detailed detonation re-initiation process of unstable detonation waves has 
been clarified. A dominant re-initiation pattern was found originated from the 
multiple transverse waves which could be generated at the second shock 
reflection. Each transverse wave that resembles the transverse wave at a typical 
detonation front interacts with one another and forms cellular structures to drive 
the leading wave to be self-sustained from the third reflection. A few more 
typical features including a transverse wave’s multiplication mechanism, 
turbulence mixing, CJ deflagration and transverse detonation were found to 
characterize the re-initiation of unstable detonation waves. The same 
experiments were also conducted in another group of mixtures which can 
generate regular cellular structures, and major differences from that of unstable 
detonation have been identified. It was discovered that the influence of 





wave after each shock reflection decayed very fast. It resulted in a unique re-
initiation pattern through 3 shock reflections at the critical condition which can 
be explained by marginal solution curve of detonation. For the transitional 
behavior of re-initiation from stable to unstable detonation with different Argon 
dilutions, it was found that critical initial pressure decreases all the way from 
0.98 bar to approximately 0.3 bar when Argon consists 75% of the dilution gases. 
However, the trend opposites when further increase the dilution to pure Argon. 
This is also found consistent with the previous results, and the opposite trend 
may probably due to the sudden detonation dynamics change between stable 
and unstable detonation at 75% Argon ratio.  
Some analysis based on the experimental results have been done. First is the 
discrepancies between the present and the previous studies about the critical re-
initiation testing conditions. It was found that the discrepancies may be probably 
due to the channel length which was not previously taken into account. As it 
directly determines the number of shock reflections which are allowed in the 
geometry confinements, it certainly should be accounted for when summarizing 
critical initial conditions. Another topic regarding the influence of the wide 
channel width to re-initiation has been discussed. As wider channels were found 
preferable for re-initiation, the reason was clarified to be the highly reactive 
mixture in the induction length region. As a wider channel can always develop 
a longer induction length region, the recompression of the highly reactive 
mixtures inside during shock reflections can result in a strong Mach stem which 
finally leads to the subsequent successful re-initiation. 
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Introduction and detonation fundamentals 
 
1.1 Introduction to detonation re-initiation 
Detonation phenomenon is associated with a supersonic exothermic combustion 
front and a preceding shock wave. The rapid reaction inside the combustion 
front provides heat and causes expansion of the products, which serves as the 
driving force to initiate the shock wave moving in the front. On the other hand, 
the unburnt mixture moving through the leading shock front will experience a 
steep increase in temperature and pressure, thus facilitating the ignition of the 
unburnt mixture. As a result, this coupling between the combustion front and 
the shock wave would lead to a stable propagation of both waves together at a 
self-sustainable speed. Due to its fast propagation speed and the relatively high 
combustion temperature, the combustion efficiency of detonation can be higher 
than deflagration mode of combustion. Hence, many attempts have been made 
to implement detonation into engine applications to increase fuel efficiency and 
engine performance, e.g. Pulse Detonation Engine (PDE) and Rotating 
Detonation Engine (RDE). But considering that detonation can be formed in 
hydrocarbon fuel environment, especially in industrial applications using fuel 
pipelines and mine tunnels which can cause disastrous outcome from accidental 
ignitions, certain precautions have to be made to suppress detonation in such 
geometry confinements which contain straight tubes, bends, joints, sharp 
corners and bifurcations. As detonation propagation and failure mechanisms in 





research work will mainly focus on the detonation propagation, transmission 
and re-initiation in typical abnormal geometries. Among all the unusual 
geometries, bifurcations have received relatively little attention for detonation 
study which is probably due to its complexity that involves detonation 
diffraction, reflection and re-ignition simultaneously. Besides, certain 
discrepancies from previous similar studies further stimulated us to choose this 
special but still widely used geometry in industry as the research interest of the 
present study. The aim of this study is thus to investigate the detonation re-
initiation phenomenon, in particular through multiple shock reflection. It should 
be noted that the primary objective is not to summarize critical detonation re-
initiation condition though repeating experiments in varying testing conditions 
as this has been previously well and systematically documented by other 
researchers which will be introduced in the subsequent sections. Instead, due to 
the dearth of direct measurement results involving detonation re-initiation 
phenomenon, our interest lies largely on the identification of the salient 
underlying detonation re-initiation mechanisms through optical measurement of 
the complex phenomenon. To start this chapter, two classical detonation models 
(Chapman-Jouguet theory and  Zel'dovich, von Neumann and Döring theory) 
and individual detonation features will first be introduced as they are the most 
basic detonation fundamentals which are closely related to the research topic. 
Since the detonation re-initiation phenomenon would differ with its inherently 
different detonation cellular structure types, another portion regarding 
detonation cellular structure and its regularity would be mentioned. After a 
comprehensive literature review regarding detonation re-initiation has been 





put forward based on the unresolved questions in the literature. The overall 
thesis structure will be presented at the end of this chapter. 
  
1.1.1 Chapman-Jouguet Theory 
The Chapman-Jouguet (CJ) model was proposed by Chapman [1] and Jouguet 
[2] in 1899 and 1905, respectively, to theoretically explain the physics of 
detonation propagation and the corresponding propagation speed. It is a 
simplified one-dimensional model which assumes an infinitely thin detonation 
wave that could transfer unburnt mixture into combustion products 
instantaneously without considering the detailed chemical reactions. In this 
model, a detonation wave is treated as a shock wave which is closely followed 
by a layer of ignited gas with uniform density and velocity. The model assumes 
that the detonation wave propagates at a steady and stable speed when the 
combustion products reach sonic speed relative to the leading shock wave. This 
special state could also be theoretically deduced from the Rankine-Hugoniot 
relation [3-4] which is mainly governed by the conservation of mass, 
momentum and energy, and the corresponding propagation velocity (CJ 
velocity) could thus be solved. 
 






In the reference frame which is fixed onto the detonation wave as shown in Fig. 
1.1, the conservation equations can be expressed as: 
𝜌1𝑣1 = 𝜌2𝑣2                                                 (1.1) 
𝑃1 + 𝜌1𝑣1
2 = 𝑃2 + 𝜌2𝑣2









2                           (1.3) 
Subscript 1 represents the initial state of the reactant mixture before ignition, 
and subscript 2 represents the final state of the combustion products after 
ignition. A Rayleigh line can be obtained first by combining the equation of 
mass conservation and momentum conservation.  On the plane with the two 
axes featured by the pressure and specific volume ratio before and after the 
detonation wave, the Rayleigh line can be represented by a straight line which 
passes through the point (1, 1) with a slope of −𝛾0𝑀0
2 . It defines the 
thermodynamic pathline in which transition of the states before and after the 
reaction takes place. At the same time, by invoking the Rankine-Hugoniot 
relation, the energy conservation equation needs to be satisfied as well. To 
combine it with other conservation equations, the Rankine-Hugoniot curve can 
be represented as the solid line. It indicates the locus of the possible downstream 
states for a given upstream state and heat release. For a physically realizable 
detonation state to be achievable, the final states have to lie on both the Rayleigh 
line and the Rankine-Hugoniot curve. Since the conservation equations are not 
sufficient for the detonation velocity to be solved at a given initial and boundary 
condition, Chapman and Jouguet proposed an additional relation that enabled 





relation between Rayleigh line and Rankine-Hugoniot line can be achieved (see 
Fig. 1.2), the corresponding intersection points refers to the state which has 
minimum velocity. This minimum velocity state is also equivalent to the state 
which has zero entropy change across the detonation wave and has sonic flow 
condition. These extra relations, also known as the CJ criterion, provide a 
feasible method to predict the detonation wave velocity, and it was discovered 
that the calculation result according to the CJ criterion is in good agreement 
with the experimental data.   
 
Fig. 1.2 The tangent relation between Rankine-Hugoniot curve and Rayleigh 
line. 
About the CJ criterion, one special feature regarding the CJ detonation condition 
is the sonic flow condition. It indicates that the flow speed of the combustion 
products immediately behind the reaction layer is sonic so that the acoustic 





result, the detonation wave is capable of being self-sustained at the constant CJ 
velocity without being affected by the rear disturbances.  
Based on the CJ criterion, we can easily calculate the detonation speed and the 
thermodynamic properties of the combustion products in their equilibrium 
states. Some sample codes such as STANJAN [5] and CEA [6] have also been 
developed for such calculations, and have been proven to yield results with good 
accuracy.   
 
1.1.2 ZND (Zel'dovich, von Neumann and Döring) model 
The CJ theory can provide solutions of detonation wave based on the upstream 
and downstream states of the combustion reactants and products. However, it 
entirely omits the detonation propagation mechanisms without considering 
chemical reaction rate. The detailed wave structure was thus not well 
understood until the second one-dimensional model, known as the ZND model, 
was proposed later by Zel’dovich [7], von Neumann [8] and Döring [9] 
independently. It is a more detailed theory in which the finite chemical reaction 
rate of the reaction zone is taken into consideration, and the detonation wave is 
no longer treated as an infinitesimally thin wave, but instead, as a strongly 






Fig. 1.3  Temperature and pressure profile along a detonation wave. 
According to the ZND model, the chemical reaction takes place at a finite rate 
as opposed to the Chapman-Jouguet theory which assumes that the chemical 
reaction occurs instantaneously across the detonation wave. In the detonation 
wave frame, when a reactant particle is moving through the leading shock wave 
under adiabatic conditions, the particle moves from its original point along the 
Rankine-Hugoniot curve to the von Neumann Peak as shown in Fig. 1.4. 
Subsequently, due to the increase in temperature and pressure, the chemical 
reaction occurs. This chemical reaction process can be a detailed chemical 
reaction with multiple chain reaction steps or a simplified reaction with only a 
single step. Slight exothermic features will probably show in this step in the real 
conditions since the chain reaction will more or less lead to some heat exchanges. 
As the reaction proceeds, the reactants become partially reacted, and we can see 
in Fig. 1.4 that the reaction condition could be assumed to move gradually along 





points on a series of partially reacted Rankine-Hugoniot curves with increasing 
Q (heat release) numbers. At the end of the reaction, the final condition reaches 
the tangent point between the Rayleigh line and the completely reacted Rankine-
Hugoniot curve. Until particular combustion radical concentration exceeds the 
limit, fast exothermic chemical reactions will occur, and the expansion of the 
chemical reaction products arising from the excessive heat release will finally 
push the shock to move forward with a self-sustained speed, which corresponds 
to the Chapman-Jouguet (CJ) velocity. At the same time, the initial subsonic 
flow behind the leading shock wave will progressively reach a sonic state at the 
reaction terminating point.  
 
Fig. 1.4  Upper CJ point and subsequent reaction [16]. 
The ZND model brings in two concepts regarding the detailed detonation wave 
structures: induction time and induction length. Induction time is a highly 






𝜏 = 𝐴𝑒𝑥𝑝𝜃 = 𝐴 exp (
𝐸𝑎
𝑅𝑔𝑇𝑣𝑁
)                                  (1.4) 
where 𝐸𝑎 is the activation energy and 𝐴 is a parameter dependent on the mixture. 
It represents the time duration when the reactant particle moves from the leading 
shock to the exothermic reaction region. The induction length is defined as the 
distance between the leading shock wave and the location where chemical 
reaction takes place at the fastest speed. This location could be represented 
either by the place with the maximum temperature or with the highest radical 
concentration, such as the OH radical.  
 
1.1.3 Cellular structure and its regularity 
Even though the simplified theories have been proposed to successfully explain 
the detonation phenomenon and structure, the real detonation wave measured 
through experiments is far more complex and has multi-dimensional features.  
The structure of a multidimensional detonation wave was not revealed until 
Campbell [10-11] first discovered the spin detonation phenomenon in 1927 and 
1928. With the subsequent exploration of the soot foil technique, a more 
detailed detonation structure was revealed through the trajectories left on the 
soot foil. As initially discovered by Antolik [12], the method employs a soot-
coated plate on the surface of the detonation tube to record the detonation 
structure along the wall.  Unlike other types of waves, it was discovered that a 
detonation wave could scratch some trajectories on the soot-coated plates inside 





trajectories can be left on the plates is due to the presence of the triple point in 
the structure of a detonation wave that moves along the path on the wall.  
 
Fig. 1.5  Soot foil results of stable and unstable detonation structures [16].  
The detailed cellular structure of a detonation wave is shown in Fig. 1.6. It is 
characterized by the feature of a triple point, which is the intersection point of 
the Mach stem, incident wave and transverse wave. The region between the two 
triple points on the right constitutes the Mach stem part. Since the Mach stem is 
strong in strength, the mixture moving through the Mach stem will experience 
an extreme rise in pressure and temperature which would lead to a rapid ignition 
of mixture behind the Mach stem. On the other side of the triple points is the 
incident wave. The incident wave is essentially the later stage of Mach stem in 
a cellular structure propagation cycle. The strength of the incident wave is 
relatively weak so that it can only lead to a relatively smaller temperature and 
pressure rise across it. Due to the high dependence on temperature, the induction 
time would be longer than that associated with the combustion process behind 
the Mach stem. It would thus take a longer time for the gas behind the incident 
wave to ignite. In this case, the transverse wave tails to the unburnt area on the 
incident wave side. Another discontinuity that is associated with the triple point 
is the slip line. The slip line is essentially a shear layer which is caused by the 
Kelvin–Helmholtz instability between the fluids flowing from the transverse 






Fig. 1.6  The cellular structure of a detonation wave. 
In view of the intersection of the waves, the combustion near the triple point 
area stays very strong. On the contrary, the remaining part of the Mach stem 
will gradually attenuate. The strong chemical reaction can thus only be 
maintained in this triple point area, and the triple point can form the line patterns 
on the soot-coated plate along its propagation pathway. Note that even though 
the average velocity of the detonation wave front over multiple cellular lengths 
is close to the theoretically calculated CJ velocity, the Mach stem and the 
incident wave show different relative positions and thus, various propagating 
velocities within a single cellular length as shown in Fig. 1.6. It has been proven 
that the wave front velocity in one propagating cycle can vary over a large range 
from 0.6V𝐶𝐽  to 1.8V𝐶𝐽 , and the variation also depends strongly on the fuel 
mixture properties. 
In order to quantitatively analyze the detonation wave, feature sizes that could 
characterize detonation phenomenon have been proposed. Among all the 
attempts, detonation cell length and width are the most commonly used 





been recognized as feature sizes, and extensively applied in detonation research 
for decades. Both numerics have proven to be useful quantitative indices for 
representing detonation properties of different fuel-oxidizer mixtures. To 
predict the cell size, some researchers have attempted to correlate the cell size 
parameter with other detonation parameters [14]. However, until now most cell 
size data are obtained from experimental results, and no commonly accepted 
correlations have been found between cell sizes and mixture properties. To 
approximately predict the cell size before conducting experiments, one may 
consult the database documenting previous experimental results. An example of 
such a database is the GALCIT Explosion Dynamics Laboratory Detonation 
Database [15].  
Note that the cellular structure of detonation waves is not always regularly 
shaped as shown in Fig. 1.6. Strehlow and Libouton [17] first used 
experimentally-obtained cellular structure’s regularity to differentiate between 
different mixture properties. Based on the regularity of the cell structure, 
detonation can be divided into two categories: unstable (with irregular cellular 
structure) detonation and stable (with regular cellular structure) detonation(or 
alternatively highly unstable detonation and weakly unstable detonation as 
detonation is not a stable phenomenon in nature). A weakly unstable detonation 
has an almost uniform cell structure, while a highly unstable detonation yields 
cells with widely-varying sizes. The formation of weakly unstable detonation 
cell structure can be easily inferred from the detonation wave and the trajectory 
of the triple point. In a highly unstable detonation cell, there are usually small 
cells (substructures) distributed inside. An explanation regarding irregular cell 





mixture with a weakly unstable detonation structure is a hydrogen-oxygen 
mixture diluted with Argon. Most hydrocarbon fuel mixtures have a certain 
degree of irregularity. To change from a highly unstable detonation to a weakly 
unstable detonation, high Argon dilution rate of the mixture would usually be 
helpful. 
Many researchers have tried to quantify the degree of detonation front regularity. 
Traditionally, the way to classify the regularity was based on visual inspection 
of the detonation soot foil results. A more quantitative way was later proposed 
by introducing neutral stability boundary. Since it is the curve in parameter 
space that defines the region where no unstable spectrum exists, the neutral 
stability boundaries on the basis of the reactive Euler’s equation can thus be 
treated as the boundary between stable detonation and unstable detonation. The 
first comprehensive attempt to investigate the neutral instability curve was made 
by Erpenbeck back in the 1960s [19]. Even though results have been presented 
in the parameter space of the heat of combustion, the wavenumber of 
disturbances transverse to the detonation shock and a chemical kinetics 
parameter, the results are not resolved due to the limitation of the sampling 
method which can only determine the boundary of stability and instability based 
on a few points. More attempts have also been made subsequently in the 1980s 
[20-21], but they were all incapable of interpreting various modes of instability. 
Lee and Stewart [22] studied the detonation stability problem in 1990 by a 
normal mode approach which could significantly simplify the calculation of 
linear instability of detonation compared to Erpenbeck’s approach. In order to 
solve the neutral stability boundary in a parameter set, a shooting method was 





simplify the calculation into a singular eigenvalue problem. By implementing 
the analytical treatment of Arrhenius, i.e. simple-depletion form of reaction rate 
with a monotonic decrease of reactants in the reaction zone, the final results 
were presented in the parameter space of overdrive factor, the reaction energy 
of the mixture, activation energy and ratio of specific heats [23]. It was 
concluded that the neutral stability boundary is the union of all neutral stability 
curves.   
Because the way how neutral stability boundary was presented in [22] requires 
the simulations of multiple neutral stability curves which is not straightforward, 
Eckett [24] proved that the one-dimensional neutral stability boundary for f=1 
is independent of the ratio of specific heats, so all the curves can fall on a single 
curve if it is expressed in terms of the reduced activation energy and the Mach 
number of CJ state. By introducing the reduced activation energy θ = 𝐸𝑎/𝑅𝑇𝜐𝑁, 
in which 𝐸𝑎  is the activation energy and 𝑇𝜐𝑁  is the temperature of the von 
Neumann state, the way to quantify the regularity of a detonation wave could 
be the distance of the testing condition point to the neutral stability boundary 
(as shown in Fig. 1.7) on the coordinate system. If the test condition deviates by 
a long distance from the neutral stability boundary, it indicates that the small 
disturbance in the treatment of detonation front linear stability grows rapidly 
which could lead to a more unstable wave [23]. Reduced activation energy can 
be used to indicate the reaction zone’s sensitivity to thermodynamic 
perturbations. Assuming that the global chemical reaction behavior can be 











where  𝜌𝑣𝑁 and 𝑇𝑣𝑁 are the von Neumann state of the mixture. According to the 
derivation method proposed in [16], due to the relatively constant density of the 
post-shock state when varying the shock wave velocity as compared to the post-
shock temperature, the effective activation energy can be defined as a function 














)                          (1.6) 
 
Fig. 1.7  Examples of detonation front structure based on stability consideration 
[16]. 
Here the subscripts 1 and 2 are the two states generated by varying the shock 
velocity by a small amount relative to the CJ velocity. According to the 
parametric analysis in [25], states 1 and 2 which differ from the CJ velocity by 





simulation, thus these two states can be selected for the calculation of reduced 
activation energy.  
Therefore, according to the expression, the temperature and induction time of 
two post-shock states have to be calculated to determine the reduced activation 
energy. Thanks to the development of programming toolkit library SD Toolbox 
and software Cantera for Matlab programming environment [26], the numerical 
calculations are available freely for the shock jump condition and the induction 
time. For the calculation of post-shock temperature, a non-reactive shock wave 
program can be used which is capable of determining the temperature in a very 
short distance after a velocity-specified shock wave. For the calculation of the 
induction time, a constant volume combustion program can be used which has 
the initial condition of a shock-heated mixture. 
Other attempts have also been made to use parameters to quantitatively 
represent the degree of regularity in different aspects, such as initiation energy, 
failure diameter and critical tube size [16]. Radulescu [27] experimentally 
compared the detonation regularity. It was found that the detonation stability is 
more accurately described by the sensitivity to temperature fluctuations of the 
characteristic induction time relative to the characteristic exothermic reaction 
time. Through some mathematical derivation, this could be equivalently 
expressed as the product of the reduced activation energy and the induction to 
reaction time ratio. Even though no numerical threshold value can be predicted 
regarding the onset of instability based on this method, the comparison between 
different mixtures indicated that the value calculated using this approach could 






1.2 Detonation re-initiation 
Detonation re-initiation is essentially one example of the detonation transition 
processes. There are extensive studies which focused on deflagration to 
detonation transition (DDT), shock to detonation transition, detonation 
propagation and direct detonation initiation in straight tubes and channels. Other 
geometries including obstructed tubes and bent tubes are also of significant 
interests regarding their potential applications in industrial safety and 
propulsion. Through testing using various parameters including fuel type, 
mixture composition, geometry confinement and configuration of obstacles, it 
was concluded that the interactions among shock waves, flame, flow turbulence 
and boundary layer are important in assisting detonation transition. Other 
factors including thermal expansion of combustion products, flame-vortex 
interaction and instability are also shown to be responsible for initiating DDT 
with the assistance from obstacles. 
One of the most extensively studied re-initiation topics is detonation 
spontaneous re-initiation in an unconfined space. Through many studies using 
experiments, numerical simulations and analytical methods [28-31], the well-
known conclusion of 13 times cell width has proven to be the minimum tube 
geometry for successful spontaneous detonation re-initiation if a detonation 
wave diffracts into an unconfined space. If a rectangular channel cross-section 
was employed, a slightly different conclusion regarding the critical channel 
geometry size has also been summarized. In addition, it was also discovered that 





the degree of regularity of a detonation wave. When unstable detonation waves 
were used, the critical geometry may deviate from the one that has been 
summarized for stable detonation.  
Except for spontaneous re-initiation, detonation re-initiation can also be 
achieved in confined geometries after interactions with the wall. Detonation re-
initiations in straight tubes or channels with sudden geometry expansion or 
gradual conical expansion have been studied due to their potential applications 
in propulsion engines and industrial processes. Owing to the geometry 
expansion, a detonation wave can experience diffraction to become a partially 
quenched wave which can be used for re-initiation study through shock 
reflections on the wall. Brophy et al. [32] have conducted detonation re-
initiation experiments in a geometry where a detonation wave propagates from 
a small channel into a larger channel. They concluded that the shock reflection 
on the wall of the larger channel is responsible for the successful detonation re-
initiation. The Mach stem generated after reflection releases sufficient heat 
which can eventually lead to the successful transmission of the detonation wave.  
Thomas and Williams [33] studied interactions of detonation waves with 
wedges and expansion nozzle geometries. Detailed structures of detonation 
propagation were revealed using the soot foil technique in various geometries. 
It was found that when the cross section changes in a gradual manner (less than 
45 degrees), it becomes increasingly easier for detonation to propagate through. 
Nagura et al. [34] investigated detonation diffraction and re-initiation across a 
corner with different deviation angles. Using multi-frame visualization method 
and shadowgraph imaging, two re-initiation modes which depend on the corner 





degrees, re-initiation due to local explosion took place at the channel wall after 
shock reflection. However, if the angle is larger than 60 degrees, re-initiation 
could occur at the upper side corner of the exit. 
In addition to the numerical simulations and the experimental observations on 
the detailed process of the re-initiation phenomenon, other researchers have also 
focused on the re-initiation mechanisms. Bhattacharjee [35] explored the 
sequence of detonation formation when a decoupled shock-flame complex 
undergoes single Mach reflection. In their study, a half cylinder was installed 
on the bottom wall for the convenience of detonation diffraction and the 
subsequent re-initiation through reflection. Five mechanisms were reported to 
be responsible for re-initiation according to some previous studies. It was also 
found that among all the possible mechanisms, the jet formation after Mach 
reflection, transverse detonation and local instabilities can assist detonation re-
initiation. The experiments also clarified the detailed sequence of detonation re-
initiation as shown in Fig. 1.8. Following the ignition behind the Mach stem and 
the jet entrainment, a detonation wave first appears behind the Mach stem, while 
the transverse wave remains unreacted. The un-reactive mixture will then be 
ignited rapidly due to the local instability and hot spot formation which has also 






Fig. 1.8  Detonation quenching and the subsequent shock reflection [35]. 
Lv and Ihme [36] summarized detonation re-initiation mechanisms into 3 
categories, namely by regular reflection, Mach reflection and hydrodynamic 
instability. In order to avoid limitations due to temporal and spatial resolutions 
of experimental instruments, the study used numerical simulations to 
characterize the re-initiation modes. A backward facing step geometry was 
utilized to achieve Mach reflection and regular reflection by simply changing 
the height of the step to target the various re-initiation modes easily. Through 
simulations using a detailed chemical kinetics for hydrogen-oxygen mixture 
with different dilutions (Ar and N2), various re-initiation mechanisms were 
identified. It was found that for the more reactive Ar-diluted mixture, ignition 
first appeared after regular reflection which was then followed by spontaneous 
re-initiation through the SWACER mechanism. By replacing Ar with N2 
dilution, re-initiation was found through Mach reflection. Other mechanisms, 
e.g. flame acoustic and wave-wave interactions were also observed to contribute 
to the final re-initiation in the N2 diluted mixture. Regarding the change of re-
initiation modes from regular reflection to Mach reflection, it was discovered 





process. For the N2 diluted mixture with a lower temperature behind the leading 
shock wave and higher activation energy, the induction time can be longer than 
that for the Ar-diluted mixture. Consequently, it needs a longer time for the 
growth of the ignition kernel which leads to the following re-initiation after a 
transition from regular reflection to Mach reflection.   
One more study was conducted by Radulescu and Maxwell [37]. They studied 
detonation re-initiation through multiple reflections using both numerical 
simulations and experiments. Multiple cylinders were placed between the 
channel walls acting as porous structures (as shown in Fig. 1.9). As detonation 
waves propagate through the porous structure, they will be quenched due to the 
obstructions and diffractions along the cylinders. After the porous structure, the 
waves were found to be re-initiated after a short distance. To simplify the 
complex interactions between waves into a more representative and 
straightforward situation, numerical simulations using only half cylinders on 
both sides of the walls were conducted. After applying mixtures with different 
relative sensitivities by scaling down the same geometry configuration, a 
mechanism which is associated with the leading front slow acceleration and the 
local small scale re-acceleration through multiple reflections was proposed. The 
slow acceleration is due to the large consumption of the mixture that is induced 
from the reflections along the path, and the sudden accelerations are caused by 
the multiple local reflections. It was also found that the relative sensitivity of 
the mixture to the geometry dimensions directly determined the times of 
reflections that were required for successful re-initiation. However, in their 
study, the experiments were not conducted using the same geometry as that 






Fig. 1.9 Maximum exothermicity field of detonation re-initiation process [37]. 
Detonation tubes or channels with porous walls have also been popular 
geometry confinements for detonation physics studies. Because of the nature of 
the porous material which is capable of absorbing waves without reflection, it 
could serve as a suitable device for studying detonation initiation and re-
initiation mechanisms with or without shock reflection. Radulescu [27] 
conducted detonation propagation experiments in a porous wall tube using 
stable and unstable detonation waves. It was demonstrated that the failure 
mechanism of typical hydrocarbon detonations was due to attenuation of their 
transverse waves. For unstable detonation, it was found that the successful 
propagation without quenching depended on the competition between the rate 
of transverse wave attenuation by the wall absorption and the regeneration of 
new cell structures from the wave perturbations in the reaction zone. If the wave 
perturbation could generate sufficient cell structures which could prevent the 
average cell size from increasing excessively, the wave could successfully 
propagate through the porous region. For stable detonation, since the influence 
of the perturbation is not as strong as that for unstable detonation, the 
propagation of detonation only relies on the mass divergence mechanism which 
could lead to a curved shock front. As a result, the authors argued that weak 





detonation, and thus claimed that only stable detonation could be more 
accurately described using the ZND model. 
Except for the above straight geometry confinement, other geometries with 
various deviation angles have also been investigated for detonation re-initiation. 
Wang et al. [38] examined the detonation re-initiation process in a channel 
branch which deviated by 90 degrees from the inlet channel. According to soot 
foil records and Schlieren imaging, the detonation wave was observed to be 
decoupled after diffraction and re-initiated from the opposite wall of the vertical 
channel through a shock reflection. Also, a banded region with extremely fine 
cell structures was observed after the first reflection on the front wall. Based on 
the high speed Schlieren imaging, the banded region was found to be caused by 
a super detonation/transverse detonation. Numerical simulations were also 
employed to compare with experimental results and to identify the re-initiation 
mechanisms. Based on numerical simulations, it was shown that an embedded 
jet which could be formed from the interactions between the unreacted 
recirculation region and small vortices contributed to detonation re-initiation. 
Even though this study and the one conducted by Radulescu [27] revealed re-
initiation mechanisms, they were both targeting re-initiation through single 
reflection. 
There are two other similar studies which are worth noting regarding their 
summaries on the critical re-initiation conditions. Murray and Lee [39] and 
Polley et al. [40] investigated the transmission of a planar detonation wave into 
a diverging cylindrical detonation using the soot foil technique. Although the 
final cylindrical detonation experiences a radial expansion effect, the whole 





reflection on the front wall and subsequent propagation with an abrupt 90-
degree direction change, which is analogous to that occurring in channels. It has 
been depicted in Murray and Lee’s paper that the first reflection on the opposite 
wall is the main triggering source leading to detonation re-initiation. Polley et 
al. revealed a new re-initiation process, namely multiple reflected re-initiation. 
It was pointed out that the re-established detonation after the first reflection 
might still fail temporarily, and the detonation could be re-initiated after another 
reflection process on the back wall (see Fig. 1.11). Both studies summarized a 
critical criterion for successful detonation re-initiation on the basis of the 
vertical channel width and the cell size. The criterion summarized by Polley et 
al. is simply an extension to Murray and Lee’s criterion arising from their 
recently-identified multiple reflected re-initiation. 
 






Fig. 1.11 Sketch of detonation reflected re-initiation through multiple shock 
reflections [40]. 
 
Recently, another similar study was performed by Ng et al. [41]. It was an 
experimental study which was conducted in the same detonation facilities 
except for one major difference in the diameter of the large tube. The diameter 
of the tube was more than two times larger than that in [39-40], which could 
allow the cylindrical detonation to propagate longer before it collided with the 
tube wall. According to the results, the limiting W/λ for successful detonation 
re-initiation was found to be approximately 1.0.  To explain why the channel 
width had to be larger than the cell width of the detonation wave for the 
detonation to re-initiate, the authors claimed that it was because of the non-
circular cross section which did not allow spin detonation to take place. 
Therefore, one cell structure had to exist between the channel front wall and 
back wall in order to keep the detonation sustainable. 
Figure 1.12 shows the critical conditions for successful detonation re-initiation 





from [39-41]. By comparing the experimental results of the three similar studies, 
it was found that the critical conditions for successful detonation re-initiation 
are completely different. As so, such big discrepancies worth more 
investigations to reveal the detailed detonation re-initiation phenomenon.  
 
Fig. 1.12 Maximum cell size for successful re-initiation under different wall 
separations concluded from [39-41]. 
 
 
1.3 Research objectives  
According to the literature review, it can be concluded that, except for 
spontaneous re-initiation in which no interaction between waves and wall exists, 
other re-initiation cases all involve some forms of shock reflection processes. 
Through reflection, a quenched detonation wave is subjected to instantaneous 
energy input which can re-accelerate the wave. Thus the reflection process is 
the key to re-initiation. The purpose of this study is to investigate the detonation 
re-initiation phenomenon through multiple reflections using ethylene fuel. Even 





the previous sections, there is still a dearth of direct experimental observation 
of multiple reflection re-initiation phenomenon that could help to understand 
the detailed underlying physical processes. Besides, according to previous 
studies, even though some mechanisms have been proposed using both 
experiments and numerical simulations, many of them are observed to be 
coupled to one another. In the present study, the multiple reflection re-initiation 
phenomenon can also be used as a tool to extend the re-initiation process. By 
extending the re-initiation process through multiple shock reflections, it is 
interesting to identify what happens during the early reflections that is unable 
to re-initiate the detonation, and what happens during the subsequent reflections 
that could finally contribute to the successful re-initiation, thus allowing us to 
determine the important mechanisms. Another topic to address in the present 
study is the differences in detonation re-initiation phenomenon between stable 
and unstable detonations. Even though clear differences between the 
propagation mechanisms of the two types of detonation waves have been 
identified which could probably affect the re-initiation process, the topic has yet 
to be discussed. Furthermore, by conducting experiments in various geometries 
using different mixtures, we could hopefully also identify the causes for the 
discrepancies in the critical conditions for successful re-initiation based on the 
various studies.  
Considering the various applications of detonation phenomenon, understanding 
of detonation re-initiation can be utilized to meet certain industrial needs. In fuel 
pipelines and mine tunnels, detonation waves are anticipated to be suppressed 
by certain geometric designs due to safety concerns, so that disastrous outcomes 





engine has to be designed to easily achieve detonation transition inside a 
compact engine layout. Such knowledge of detonation re-initiation could thus 
serve as a guideline for the engine tube design. 
To achieve the purposes previously mentioned, multiple measurement 
techniques were proposed in this study as each of them could only reveal the 
phenomenon from a certain perspective. By conducting experiments using 
multiple techniques, we could expect to derive the re-initiation process and the 
mechanisms with more evidence support. In addition, according to the previous 
studies, there is also a dearth of similar research which looks into the multiple 
reflection re-initiation phenomenon in a more direct manner using optical 
measurements. Hence, in the present research, we proposed to use Schlieren 
photography, soot foil technique, open shutter photography and planar laser 
induced fluorescence. Schlieren photography and soot foil technique are the 
most commonly employed measurement techniques for detonation research. 
Open shutter photography is mainly a backup and potential replacement for soot 
foil technique. It could be easily implemented together with the Schlieren setup 
to capture the cellular structure formation during the entire propagation process. 
It is also much less time consuming if we compare it to the soot foil technique 
where the soot foil has to be replaced in a completely sealed testing chamber. 
Planar laser induced fluorescence (PLIF) is popular in combustion research. 
Even though it has been tested to be a promising technique for detonation study, 
it is not widely applied in the detonation research community given its 
complexity, price and the dynamic nature of detonation phenomenon. In the 





wave through Schlieren and PLIF will be conducted to provide more data for us 
to accurately reveal the re-initiation phenomenon. 
 
1.4 Thesis outline 
The thesis starts by conducting a thorough literature review regarding the 
previous development of the similar and related topics of detonation re-
initiation. In addition, the objective of this thesis and the methodologies are also 
briefly introduced at the end of the first chapter. The second chapter explains 
the detonation chamber facilities and the measurement techniques. The optical 
setup, the soot foil technique, and the basic physical principles governing the 
measurement techniques will be explained in detail. Results of detonation re-
initiation using unstable detonation waves are presented in Chapter 3. Mixtures 
with different concentrations and various chamber dimensions are used in 
experiments to address the influence arising from the mixture properties and 
geometry confinements. Results of successful and unsuccessful detonation re-
initiation cases are also analyzed in detail. In Chapter 4, another mixture which 
is diluted with Argon is applied to further address the influence arising from the 
detonation cell structure regularity. As the ignition mechanism differs between 
stable and unstable detonation, the transition behavior of detonation re-initiation 
mechanisms from unstable detonation to stable detonation is also discussed. 
Chapter 5 provides an in-depth discussion of the results and the methods that 
have been used to further experimentally validate the previous conclusions. The 






Experimental set-up and procedures 
 
A single shot detonation facility was used to initiate a self-sustainable 
detonation wave inside a rectangular cross-section channel. A vertical 
bifurcation channel connected at the end of it was designed for investigating 
detonation re-initiation. A simultaneous measurement system consisting of a 
high energy pulse laser, dye laser, white light source, high speed camera, 
intensified camera and a set of Schlieren optics was used for detonation shock 
and flame front direct visualization. Pressure history data before and after the 
geometry change can also be recorded during the detonation transmission period, 
thus allowing the detonation velocity to be calculated more accurately. 
2.1 Detonation facilities 
We investigated detonation re-initiation through shock reflections in a 
bifurcation channel (T-shaped channel). A detonation wave at the inlet of the 
bifurcation channel can diffract around the corner, and then become a quenched 
detonation wave which can be used for the re-initiation study through shock 
reflections on the wall. The T-shaped bifurcation channel for detonation 
diffraction and re-initiation is shown in Fig. 2.1-2.2. The channel cross section 
is 40 mm (width) ×20 mm (depth). The horizontal part is connected with an 
upstream channel which can be utilized for detonation initiation. More details 
about the upstream channel are described in the later section. The highlighted 





inside space can be optical accessible for direct visualization of detonation 
transmission. The optical windows allow an optical accessible area of 270 
mm×120 mm. Considering the high pressure caused by detonation waves inside 
the channel, the quartz is designed with the thickness of 30 mm. For the 
bifurcation channel in two directions, since they are symmetrical about the 
center axis of the horizontal channel, the optical accessible region is only 
designed for one of the bifurcation channels so that a longer distance after 
bifurcation can be observed.  
 





      
Fig. 2.2  Cross sectional view of the bifurcation channel. 
In addition to the design for optical diagnostics, pressure sensors (model 
PCB112a24 with the rise time less than 1µs and measurement uncertainty of 1% 
full scale) are also installed before and after the bifurcation region so that 
velocity and pressure information of the inlet wave and the transmitted wave 
can be determined. Because planar laser induced fluorescence is used 
simultaneously with Schlieren measurement, another optical accessible window, 
which is at the outlet of the longer bifurcation channel is installed as the entrance 
of the laser sheet as shown in Fig. 2.3. More details regarding the light routing 
and simultaneous measurement for both Schlieren and PLIF will be provided in 






Fig. 2.3  Optical slit window on the top chamber for laser sheet access. 
For single shot detonation experiments, there are two different ways to conduct. 
One is valveless detonation experiments with continuous flow inside during 
detonation propagation. The other one is detonation experiments in a 
completely sealed chamber in which mixtures inside stay still. Since both 
methods will be used in the present study, two different upstream chambers have 
been designed to initiate detonation waves for various approaches. The 
detonation facilities for valveless experiments are shown in Fig. 2.4-2.5. 
Because of the continuous flow inside the chamber, the upstream channel was 
designed with an open inlet which is connected to compressed air cylinders. The 
outlet has two open ends which can let the continuous flow leave the testing 
channel. A spark plug can be installed on any location of the upstream channel. 
In order to easily achieve detonation before the bifurcation channel, 20 orifice 





at the upstream side of the bifurcation channel. Due to the reduction in flow 
cross-sectional area, by arranging all these orifice plates in series along the 
direction of detonation propagation, a combustion wave can be accelerated 
when passing through each of the orifice plates. At the outlet of the channel, the 
combustion wave can potentially undergo a transition to a detonation wave with 
CJ velocity. All the orifice obstacles were installed in sequence with 40 mm 
distance between each other. At downstream, all the outlets must be open to let 
the flow out. Due to the simultaneous measurement of PLIF and Schlieren, 
another optical window must be installed to allow laser sheet in. So the window 
slit at the top outlet needs to be detached with the bifurcation chamber so that it 
can also let the flow out at the same time (as shown in Fig. 2.6).  
 







Fig. 2.5  DDT device inside the valveless detonation channel. 
 
 






For single shot detonation experiment in a completely sealed confinement, the 
detonation channel was designed with one driver section and one driven section 
as shown in Fig. 2.7-2.8. The driven section is the same with the bifurcation 
chamber from the previous description. Due to the requirement for completely 
seal, the outlet on the optical window side is covered with the optical slit 
window for laser access. The other outlet at the bottom is covered with a thin 
diaphragm to let the transmitted wave out. The diaphragm is made of moisture-
resistant polyester (PET) with the thickness of 0.025 mm. The driven section is 
filled with the mixture of the experimental interest. The driver section is 
employed to facilitate the generation of a self-sustained detonation wave so that 
it can propagate into the driven section for testing purpose. In order to easily 
achieve the goal, pure oxygen is used as the oxidizer in driver section as it has 
been proved to be capable of initiating a detonation wave in less than 0.5 m even 
without the installation of DDT devices (i.e. orifice obstacles and Shchelkin 
spiral). To separate different mixtures between driver section and driven section, 
the same PET diaphragm is also installed in between. A spark plug is placed at 
the upstream end of the driver section. An electric spark with a total energy of 
120mJ-150mJ is used to ignite the mixture. 
 






Fig. 2.8  Cross section view of detonation channel for the single shot 
experiment. 
Based on different experimental approaches, fuel and oxidizer supply methods 
are also different. For valveless detonation experiments, since air flow needs to 
run continuously inside the channel, an air choking nozzle was utilized to 
control the mass flow rate of air from upstream. By maintaining the choked flow 
across the throat, the air mass flow rate can be altered by changing the upstream 
pressure through a regulator (ER3000). So the whole air supply system is 
capable of generating a stable air flow to the experimental need. Fuel can be 
injected into the upstream tube through a few gaseous fuel injectors (Alternative 
Fuel Systems Inc. (AFS) Gs60-05-5-C). The fuel flow rate is controlled by the 
fuel cylinder regulator, and it is monitored using a gaseous fuel flow rate meter 
(Alicat mass flow meter). The mixture composition depends on the air flow rate 
and the fuel flow rate. The air flow rate has an uncertainty of 0.886%, and the 
fuel flow rate has an uncertainty of 0.8%. So the overall equivalence ratio would 
include an uncertainty of 1.2%. To make sure that the fuel and the oxidizer can 
completely mix, a manifold with two branches were employed at the upstream 
of the detonation chamber. As shown in Fig. 2.9, air after the sonic nozzle can 





gaseous fuel injectors installed on each of them. When fuel is injected into both 
branches, the mixture inside will mix along the branches and finally meet again 
at the downstream outlet of the manifold. This design is to significantly increase 
the flow turbulence, and therefore enhance the mixing between fuel and oxidizer. 
According to the calculations of the macroscopic and microscopic mixing time 
scale in such a configuration, because Schmidt Number is 0.95<1 for ethylene 
gas in air, if we consider molecular mixing at Obukov-Corsin length scale, the 
microscopic mixing can thus be determined with the crude time scale of 
 (D/ϵ)^0.5 , which has the magnitude of 0.01ms. For macroscopic mixing, 
because of turbulence-induced diffusivity in the integral length scale of the 
channel cross section, the macroscopic mixing time scale can be determined to 
be in the magnitude of 1ms. Since both time scales are much smaller than the 
time of fuel moving from the injector to the spark plug (approximately 20ms), 
we could conclude that the mixture at the ignition location can be treated as a 
fully mixed mixture before ignition.   
 





To run detonation experiment in such a valveless configuration, air is supplied 
from two pallets of compressed air cylinders all the way to the downstream 
chamber. The compressed air will flow continuously for 5 seconds before the 
fuel injection starts. This action is to make sure that the air flow could reach a 
statistically homogeneous turbulent condition without the influence of unsteady 
flow induced from the immediate opening of the compressed air. After 5 
seconds, the fuel injection process will be activated and it will last for 0.25s. 
The injection location was at approximately 2m upstream of the optical 
accessible chamber. So the injection duration of 0.25s was estimated to be 
sufficiently long for fuel to fill in the whole tube distance before ignition starts 
considering that the flow velocity is usually approximately 50 m/s. At the end 
of the gaseous fuel injection, the spark plug will then be activated.  
In order to make sure the experiments can be conducted in a more statistically 
homogeneous turbulent initial condition without the influence from the highly 
dynamic initial flow, hot wire anemometry (Dantec) was used to measure the 
flow velocity with an uncertainty of 2% and turbulence intensity before and 
after the fuel injection period. The hot wire was placed 100 mm in front of the 
S-shaped tube inlet and approximately 2 m from the fuel injection location. The 
sampling rate was 10K Hz and the measurement duration was long enough to 
cover the whole process. Figure 2.10 shows hot wire anemometry results after 
the opening of the compressed air. It indicates that when air flows in, the mean 
velocity becomes stable in less than 2s. Turbulence intensity of flow was found 
to be stable as well after 1s of air valve opening. This proves that the 
experimental methodology to provide a stable air initial flow for 5 seconds 





injection, gaseous mixture flow velocity was also recorded as shown in Fig. 2.11. 
By analyzing the velocity information, it was discovered that when fuel 
injection was introduced into the air flow, the overall flow velocity spent 0.1s 
to attain a statistically homogeneous turbulent condition. For turbulence 
intensity, it changed from 7.17% (before fuel injection) to 7.25% (0.1s-0.25s 
after fuel injection). Since ignition was activated at the end of each fuel injection 
period, it proves that the mixture flow has attained stable condition without the 
influence of the highly dynamic flow condition after fuel injection. A few more 
hot wire tests were also conducted using longer fuel injection period (1s and 
4.5s). By analyzing turbulence intensity and the change of the flow velocity, the 
same conclusion can be drawn indicating that flow can come to a relatively 
clean condition before ignition. 
 
Fig. 2.10 Velocity information interpreted from hot wire anemometry after 






Fig. 2.11 Velocity information interpreted from hot wire anemometry after fuel 
injection. 
For the single shot experiment, the mixtures should be kept still and completely 
sealed in the chamber. A gaseous fuel mixture supply system is specially 
designed for this experimental configuration as shown in Fig. 2.12. The 
experiments use partial pressure method to accurately control the concentration 
of the mixture inside. The partial pressure can be measured by the pressure 
sensor (Kistler 4045A2). The sensor has the measuring range from 0 to 2 bar 
and the uncertainty of less than 0.8% full scale. Different gases can be 
distributed into each section by accurately controlling all the electric actuators 
(Schischek ExMax-5.10-SF). Ethylene with pure oxygen is used as the mixture 
in the driver section to make sure that a self-sustained detonation wave can be 
generated in a short distance. To make sure that the gases in both sections can 
be perfectly mixed, a circulation pump (Air Dimensions Dia-vac pump) is 
installed on each section. After all gases have been injected in, the circulation 
pumps will force the mixtures to circulate around the loop between the two ends 






Fig. 2.12 Gaseous fuel supply system using electric actuators. 
The experiment procedures for the completely sealed configuration require 
precise control of all the electric actuators, the solenoid valves, vacuum pump 
and circulation pumps. Before each experiment, the driver section and the 
driven section need to be evacuated to 0.02 bar using the vacuum pump, and 
then refill with one of the testing gases to 1 bar. To make sure the combustion 
products inside both sections from the previous test don’t affect the subsequent 
experimental results, the refill and evacuation process need to repeat for 3 times. 
Then by controlling the open and close of each valve, all the gases can be 
distributed into both sections in certain order. After circulation of the mixtures 
inside both chambers for 5 minutes, the spark plug will then be activated for 
ignition. 
 





Different diagnostic methods are capable of providing different detonation 
propagation information. In the present study, except for the pressure 
transducers for the measurement of pressure and wave speed, other direct 
visualization methods are also employed for shock wave and combustion region 
detection.  
2.2.1 Schlieren  
Light can propagate uniformly in a homogeneous environment, and would 
deflect through an angle while the environment changes along its pathway. 
Based on this property, the fundamental principle behind the Schlieren 
technique is the combination of object optical projection with an indication of 
its light deflection [42]. Here the environment change means the gas density 
change, or equally the refractive index change. Without writing down all the 
derivation details, the angular deflection of the light beam is calculated to be 












                                                    (2.2) 
where 𝑛0 is the refractive index of the surrounding medium, and L is the extent 
distance along the optical axis for two-dimensional Schlieren. 
A classical Schlieren measurement system layout can be aligned as shown in 
Fig. 2.13. The expansion light from a point light source can be collimated by a 
convex lens. The parallel light rays then go through the measuring sample. After 





point with a cut-off knife edge positioned at the same place. By introducing this 
knife edge, all the rays of light being deflected towards the knife edge side will 
be blocked, and the rays of light being deflected to the other side can be 
projected onto a screen/camera. Since light rays will be deflected along the 
pathway, the final image can provide a general qualitative idea regarding how 
pressure changes inside the whole measuring volume. 
 
Fig. 2.13 Ideal linear Schlieren system layout. 
With the constraints imposed due to space limitations, the Schlieren system 
layout in this experiment is aligned as a Z-type 2 mirror Schlieren system as 
shown in Fig. 2.14. Usually, the light source can hardly be taken ideally as a 
point source, so a convex lens is added to firstly condense the expanded light 
from the finite size light source to be a small spot. An iris can be used here to 
further constrain the shape of this light spot to be an approximate point light 
source. It is thus more similar to the ideal Schlieren layout as mentioned 
previously. There are some optical aberration problems in this Z-type Schlieren 
system. In order to suppress or eliminate them, mirrors and lenses should be 
chosen carefully. For comatic aberration, the aberration effect is proportional to 
the angle of incidence, which is the angle between parallel light beam and mirror 
axis. Fortunately, since the comatic aberration effects would be generated on 
both sides of the Z-type layout, they can be canceled by making the two angles 





aberration that can happen in Schlieren system. It can lead to the mismatch of 
sagittal and tangential foci. The way to minimize astigmatic aberration is to use 
small offset angle θ𝑖. Besides, parabolic mirrors with larger f/number can also 
be useful to suppress astigmatic aberration.   
 
Fig. 2.14 Schlieren system layout in Tlab. 
In this system set-up, a 300 W high power continuous wave white light source 
is used. A condenser of 2-inch size and 100 mm focal length, and a 1 mm 
minimum diameter iris is employed to simulate a point light source. The two 
parabolic mirrors are both 6 inches with the f/numbers equal to 8. To obtain 
high quality images, all the lenses and mirrors have a high surface accuracy of 
1/8 λ𝑙𝑎𝑠𝑒𝑟  and good surface quality of 20-10 scratch-dig. Since a detonation 
wave propagates extremely fast with a velocity usually more than 1500 m/s, in 
order to capture the dynamic changes associated with detonation propagation, a 
Photron high speed camera (Photron SA-Z) with a maximum frame rate of 







2.2.2 PLIF (planar laser induced fluorescence) 
Laser induced fluorescence (LIF) is a spectroscopic method used for studying 
the structure of molecules, detection of selective species and flow visualization. 
Planar laser induced fluorescence (PLIF) is the LIF method that can be used to 
visualize fluorescence result in 2-D. From LIF theory, it is also possible to 
directly or indirectly obtain the concentration, velocity, temperature and 
pressure information from the flow field. Thus it is a powerful measurement 
technique for experimental investigation. From its first application in 
combustion in the 1980s, laser induced fluorescence has been extensively used 
as a non-intrusive measurement technique in combustion research, especially in 
premixed combustion research. But it was not until 2004 that this technique was 
first successfully implemented to 2-D detonation radical measurements [43].   
Laser induced fluorescence has been proven to be capable of measuring more 
than 30 kinds of combustion intermediates which are combinations of C, N, S, 
O and H [44]. In detonation research, since LIF is capable of measuring some 
particular radicals such as OH and CH, and these radicals have been proven to 
be good indications of the location where chemical reactions take place, this 
method can help provide qualitative and quantitative information regarding the 
location of the combustion flame front and the severity of chemical reactions.  
The theory of laser induced fluorescence is illustrated in Fig. 2.15. Here we only 
consider a simplified model, i.e. the two energy level model. Other complex 
models such as three energy level model and four energy level model are closer 





and transition processes between an upper energy level 2 and a lower energy 
level 1 are shown as below. If a laser sheet which contains many photons of 
specific energy is emitted to certain atomic species, transition processes will 
happen. Here B12 and B21 represent the absorption rate and stimulated emission 
rate, respectively, and both can be represented by Einstein coefficient for 
stimulated emission B. A21  represents spontaneous emission, which is also 
related to Einstein spontaneous coefficient A. Q21 represents the quenching rate 
which could be caused by molecular collisions.   
 
Fig. 2.15 Two energy level model of LIF. 
Based on the parameters defined above, the state population changing rate can 
be represented as follows: 
𝑑𝑁1
𝑑𝑡
= −𝑁1𝐵21 + 𝑁2(𝐵21 + 𝐴21 + 𝑄21)                            (2.3) 
𝑑𝑁2
𝑑𝑡
= 𝑁1𝐵21 − 𝑁2(𝐵21 + 𝐴21 + 𝑄21)                            (2.4) 
Solving these two equations for 𝑁2 and integrating, we can obtain the equation 










where 𝑟 = 𝐵12 + 𝐵21 + 𝐴21 + 𝑄21. When t is very small,  𝑁2(𝑡) can be 
calculated as: 
𝑁2(𝑡) = 𝐵12𝑁1
0𝑡                                              (2.6) 
From this equation, we can see that the upper level population is proportional 






                                               (2.7) 
By bringing in the equation for absorption and then changing the form of the 




















                             (2.9) 
where  𝐼𝑠𝑎𝑡
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where E𝑝ℎ𝑜𝑡𝑜𝑛 is the photon energy, Ω is the collection solid angle, 𝑙 is the 
axial extent along the beam from which the fluorescence is observed and A is 
the focal area of the laser beam. 
Even though the rotational and vibrational degrees-of-freedom cause the 
molecules to become much more complicated, this general theory can also be 
applied to molecules if the condition for the different rotational degrees-of-
freedom can be taken as completely frozen. Besides, in order to perform this 
experiment, the emission spectrum of the molecule must be known apriori, and 
the absorption wavelength must also be accessible to a tunable laser source. OH 
radicals have been used as a target molecule for combustion research for 
decades, and some rotational transitions have been proven to be feasible for 
PLIF detection [45]. In the present study, the laser frequency for OH transition 
between two lines is tuned to be around 283.5535 ± 0.015 nm, which is identical 
to the transition between 𝐴2Σ ← 𝑋2Π (𝑣′ = 1 ← 𝑣′′ = 0), Q branch (Fig. 
2.16).  
 






Even though Pintgen tried to quantitatively correlate the measured LIF signal 
with the calculated OH radical concentration, the complex theory and 
calibration procedures made this correlation very difficult to use in practice [43]. 
Here we will only analyze the fluorescence signal qualitatively, and other 
relevant parameters which can be utilized for OH radical concentration 
calculation such as quenching rate will not be comprehensively studied.  
Laser is by far the most convenient source for spatial and spectral selective 
excitation of these radicals. In this experiment, a single mode high energy pulse 
laser with a second harmonic crystal unit (Spectral Physics Quanta Ray Lab-
190) and a tunable dye laser (Spectral Physics Cobra-Stretch) are the laser 
sources for excitation. The pulse laser can deliver a narrow linewidth laser pulse 
(1.0 𝑐𝑚−1) of 10 ns at 532 nm to the dye laser. The dye laser consists of four 
main components: oscillator, grating, pre-amplifier and amplifier. By tuning the 
grating, the output wavelength in the particular range can be selected. With the 
chosen dye of Rhodamine 6G, the laser wavelength can be finely tuned to 566 
nm. The second harmonic crystal installed after the dye laser can double the 
laser frequency, thus decreasing the laser wavelength to half, which is 283 nm.  
The UV laser beam after the second harmonic crystal will be directed to a laser 
sheet optics kit (LaVision light sheet optics) to form a planar laser sheet. Since 
laser light after the cylindrical lens will generate a light sheet with an expansion 
angle, a collimator lens, which is a spherical lens is also employed right after 





the height of 50 mm, and so the laser energy would be almost equal at different 
locations.  
There are overall 3 quartz windows on this testing chamber. Except for the two 
large optical windows meant for Schlieren measurements placed at both sides 
of the bifurcation chamber, another one is installed at the top of the same 
chamber. The planar laser sheet can be delivered from the top to measure the 
combustion wave during and after reflected re-initiation. 
The final fluorescence signal can be captured using a 14-bit intensified CCD 
camera (Princeton Instrument PImax4 1024i with the minimum exposure time 
of 8 ns which can largely reduce noises caused by chemiluminescence). Before 
being captured by the camera, the image has to go through an FWHM=15 nm 
bandpass filter (Semrock FF01-315/15-25). Since the fluorescence emission we 
wish to capture is (1,1) and (0,0) transition with a wavelength of approximate 
310 nm, the band pass filter should only allow the fluorescence light to go 
through, and block off the elastics scattering (mostly Rayleigh scattering) and 
most of the chemiluminescence. Considering high collision quenching rate of 
excited energy level caused by high pressure in detonation waves, the overall 
fluorescence signal is expected to be very weak compared to that measured in 
low pressure cases. The peak transmission rate of the filter is chosen to be 
around 0.8 to allow most of the fluorescence light to transmit to the camera. The 
minimum Optical Density (OD) for other wavelengths is 5. The image is formed 
by a UV lens (UV-Nikkor 105 mm f/4.5). It should be noted that 
chemiluminescence effect on the images can be reduced but not eliminated. It 
was measured that after subtraction of the background noise, the 





intensity (includes fluorescence and chemiluminescence) in the measurement 
system. 
2.2.3 Simultaneous measurement 
Since detonation is associated with a supersonic exothermic combustion front 
and a preceding shock wave, it is thus beneficial to directly measure both waves 
at the same time to better understand the phenomenon. To make simultaneous 
measurement possible, the Schlieren system and PLIF system need to work 
together. Two separate images of shock and flame have to be taken at almost 
the same time so that the overlay of the two images can accurately reflect the 
real detonation phenomenon. A customized beam splitter with the size of 9 
inches which can transmit UV light and reflect visible light is manufactured to 
replace a Schlieren flat mirror as shown in Fig. 2.17. The reason to implement 
such optical layout is to make sure that the Schlieren parallel light can be 
reflected into the chamber, and at the same time the fluorescence light in UV 
wavelength range can still be transmitted through the dichroic mirror to be 
captured by the ICCD behind. 
 






2.2.4 Soot foil technique 
The soot foil technique has been utilized for multi-front detonation research for 
a long time. It is usually used for the determination of cell size and its evolution 
during transitions. As previously explained, soot can be wiped off and re-
distributed by the passing of detonation triple points, so it is believed that soot 
tracks on soot foil coincide with the triple point trajectory on the same surface, 
and this is how cell size could be directly measured.  
In this experiment, since the detonation wave at the end of the horizontal tube 
propagates at the CJ velocity, its cell size can be roughly estimated by looking 
up the database [15]. During reflection transition in the vertical tube, the cell 
size would change. By attaching a soot-coated foil on the front wall of the 
vertical channel, changes in detonation cell size due to the transient effects can 
be recorded. For this research, the generation and expansion of Mach stems are 
usually found in detonation re-initiation processes. Due to the temporal and 
spatial resolution limitations of the imaging system, the exact time of Mach stem 
generation and Mach stem changes cannot always be precisely captured using 
cameras. Soot foil results can thus be used to complement the Schlieren and 
PLIF results. It should be noted that in the present study, the soot foil is attached 
on the window surface instead of the front and back walls which were employed 
in [39-40]. This arrangement can provide information pertaining to the 
continuous evolution of Mach stems by recording changes in their cellular 
structure, while for the previous arrangement, the cell structure development 






2.2.5 Open shutter photography 
Open shutter photography has also been previously used in detonation research. 
The way to implement such a measurement technique is to increase the exposure 
time so that whatever happens during a relatively long time span can all be 
captured in a single frame. Due to the transverse waves interactions and fairly 
strong combustion process near all the triple point locations, the luminescence 
nearby can be stronger than all the other regions. So the trajectories of the triple 
points can be reflected as bright lines in the images which can be taken as the 
evidence of cellular structures. In the present study, the same high speed camera 
as used in Schlieren measurement was employed for open shutter photography. 
The frame rate was usually set between 50 kHz and 100 kHz, and the exposure 
time was set to be 95% of the duration between two consecutive frames. In this 
camera frequency range, the whole detonation re-initiation process in the optical 
window region can be captured in around 5 frames. The reason not to use very 
high frame rate is because it will generate too many images for a single 
detonation re-initiation process which can make image post-processing difficult. 
As for low frame rate which can allow us to capture the whole phenomenon in 
a single frame, the trailing bright zone after each shock reflection on the wall 
could be too bright. They can be recorded along the entire channel which will 
erase the useful trajectory information completely.  
Essentially, open shutter photography can be a good replacement to soot foil 
technique as it is relatively easy to implement. The information from the camera 





regions, thus let us know the existence of the detonation waves. But compared 
to soot foil technique, what open shutter photography cannot achieve is the 
measurement of cell size information quantitatively. Since it captures all the 
light from the 3D combustion volume in the chamber, all the trajectories will be 
overlaid onto each other, and thus cell size information will be lost. 
 
2.3 Calibration and experimental procedures  
2.3.1 Laser wavelength calibration 
Prior to conducting experiments, some calibration tests have to be performed. 
As mentioned previously, before doing PLIF experiments, a complete excitation 
spectrum of the target radical OH should be known. The excitation spectrum 
shows the relation between excitation laser wavelength and the fluorescence 
intensity. In order to maximize the fluorescence light which can be captured by 
a camera and increase the signal to noise ratio, a transition line corresponding 
to a particular laser wavelength needs to be accurately decided. Even though 
theoretical calculations about transition lines are available from books [45], they 
cannot be directly applied in this experiment since the overall testing 
environment and the instruments used for the present study are not completely 
the same. Besides, considering the OH molecular structure and the various close 
rotational transition lines distributed in Q branch, R branch and S branch, the 
exact excitation wavelength has to be sufficiently accurate to the magnitude of 
pm (picometer) level. Thus to measure the excitation spectrum to ascertain what 





The excitation spectrum is the graph with laser excitation wavelength plotted 
along the X-axis and fluorescence intensity plotted along the Y-axis (Fig. 2.18). 
To construct this diagram, a stable flame generator such as a candle or a standard 
burner would be needed. The narrow linewidth dye laser can be scanned in 
terms of wavelength over a small range. The respective 2-D fluorescence signal 
is recorded through the ICCD camera (Fig. 2.19). By integrating fluorescence 
signal over the entire image, the overall fluorescence intensity of this particular 
excitation wavelength can be calculated. After obtaining the complete diagram 
about certain absorption lines, the exact excitation wavelength can be precisely 
chosen. In this calibration test, it is critical to have a very narrow linewidth laser 
source because the highly resolved excitation spectrum of one specific and 
isolated transition line is ideal for gaining quantitative information about the 
lineshape. Noise from unsteadiness of flame cross section structure can be 
reduced by taking an average of 10 images.  
 






Fig. 2.19 System layout for the measurement of excitation spectrum. 
Figure 2.20 shows the excitation spectrum calculated from LIFBASE [46] in 
the same wavelength range. According to our experimental calibration, it was 
found that the transition line 𝑄1(8) has strong fluorescence intensity, In order 
to achieve good signal to noise ratio, A2Σ+, υ′ = 1 ←  𝑋2Π, υ′′ = 0 Q1(8) 
transition line was chosen as the excitation wavelength for the dye laser, which 
corresponds to the laser excitation wavelength of approximately 283.554nm. 
 







2.3.2 Image size and overlay calibration 
For the overlay of the simultaneously obtained two images from Schlieren and 
PLIF, certain accuracy can be assured by conducting a calibration experiment. 
A transparent plate with calibration crosses can be put inside the chamber. By 
following Schlieren and PLIF experiment procedures respectively, two separate 
images of the same calibration plate can be obtained from the two cameras. By 
comparing and overlaying the crosses on the two images, we can know the way 
to post-process the Schlieren and PLIF images to get the accurate results which 
can truly reflect the shock location and combustion location. The distance 
calibration constant can at the same time be calculated by drawing the crosses 
with a known distance between each other. Through counting the pixel number 
between two adjacent crosses in the calibration images, the size of each pixel 
can be derived, and thus the size of the image could be calculated. 
2.3.3 Simultaneous measurement timing synchronization 
Due to the unknown internal delay of several instruments, a timing calibration 
test has been conducted to synchronize different measurement systems. Firstly, 
a small LED which can be accurately controlled by the digital delay was used 
for timing calibration between the high speed camera and ICCD. Through 
various measurements on the light from the LED using different relative delay 
between the LED, high speed camera and ICCD, their relative internal delay 
difference can be calculated. Second is the synchronization between the ICCD 
and the laser system. This can be achieved by using a real Bunsen burner flame 
for fluorescence measurement. By slightly tuning the relative delay between the 





settings under which highest fluorescence intensity can be obtained. Figure 2.22 
shows the relative timing sequence between all the instruments used in the 
present study. During experiments, the high speed camera, ICCD and the dye 
laser were synchronized using a digital delay generator (Stanford Research 
Systems DG645). Through the calibration tests, the synchronization uncertainty 
between the two measurement systems was reduced to be less than 50 ns in the 
present study, which corresponded to approximately 1 pixel on the image. 
 






Chapter 3  
Re-initiation mechanisms for unstable 
detonation waves  
 
Detonation waves are commonly characterized by their cellular sizes. Besides, 
the regularity of cellular structure of a detonation wave has also been proved to 
be critical to characterize the detonation phenomenon. According to Radulescu 
[27] and Mahmoudi et al. [47], the influences of the transverse waves to the 
propagation of detonation waves differ between stable and unstable detonation 
waves. The ignition mechanisms behind the lead shock wave are also different 
between these two types of detonation waves. So considering this, it is 
reasonable to speculate that the re-initiation process could depend on the 
regularity of detonation cell structures. Experiments have been conducted in the 
present study in order to address this question. In this chapter, experiments with 
unstable detonation waves are introduced first. 
3.1 Experimental results of detonation re-initiation  
To generate detonation waves with irregular cellular structures, ethylene and air 
mixtures were used. According to the method that is introduced in Chapter 1, 
the reduced activation energy for this mixture is calculated to be 13.5. Since it 
highly deviates from the neutral stability curve, the detonation in this mixture 
can be categorized as highly unstable detonation.  
Valveless detonation experiments were firstly conducted. At an initial pressure 
of 1 bar, a near Chapman-Jouguet detonation wave (within ±2% of the 





DDT orifices inside. Figure 3.1 shows a typical soot foil result indicating 
successful detonation re-initiation through multiple reflections. From this figure, 
it was discovered that the detonation wave was successfully re-initiated only 
after the third reflection on the wall. At the horizontal channel inlet, there 
existed highly irregular cells, indicating that a detonation wave was successfully 
initiated from the driver section. When the wave moved downstream into the 
vertical bifurcation channel, it diffracted around the corner and the detonation 
cells were found to have disappeared. Figure 3.2 shows time resolved Schlieren 
images of the detonation diffraction and reflection pattern at the bifurcation 
region. As the diffraction went on, an apparent induction length could be 
identified in Fig. 3.2(3). In the subsequent frame, the diffracted shock wave and 
the flame front experienced the first reflection on the front wall. Owing to the 
strong reflection, a Mach stem was generated from the front wall and it 
subsequently expanded outwards. It should be pointed out that very fine cells 
were generated immediately after the first reflection as shown in Fig. 3.1. This 
suggests that the reflection was so strong that the Mach stem was basically a 
local overdriven detonation associated with intense reactions. Since the fine 
cells were also observed to disappear shortly after the occurrence of the 
reflection in Fig. 3.1, it could be concluded that the overdriven detonation was 
subjected to temporary decay. The wave structures after the first reflection have 
been exemplified in Fig. 3.2(4)-3.2(7) indicating a typical structure including a 
Mach stem, a reflected wave, a shear layer and an incident wave. Between the 
Mach stem and the decoupled flame front, there was a short transversely 
propagating wave moving towards the back wall. At the same time, 





slowed down with the velocity dropping from 2000 m/s to 1200 m/s along the 
front wall. As shown in Fig. 3.2(6)-3.2(9), after the first reflection, the Mach 
stem became a distributed combustion region, and the thickness of the wave 
front was increasing significantly. This is consistent with the disappearing 
cellular structures after the first reflection as shown in Fig. 3.1. 
 






Fig. 3.2 Schlieren photography of detonation multiple reflections at the 
bifurcation region. The time difference between two consecutive 
images ∆t is approximately 9.5 µs. (M: Mach stem, R: Reflected wave, 
S: Slip line, I: Incident wave).  
As for the second reflection on the back wall, soot foil visualization results 
indicated that fine cells could also be generated after this reflection. Even 





reflection, they still disappeared halfway before the fourth reflection occurred 
at the back wall again. The third reflection on the front wall was observed to be 
the start of the successful re-initiation of detonation. Fine cells appeared after 
the third reflection, and the cells were found to be capable of sustaining 
thereafter. 
As Schlieren photography is not capable of determining whether detonation 
transition is successful or not, especially during the transition process, open 
shutter photography was applied in this study as it can provide cell structure 
information from images to tell the difference between detonation waves and 
deflagration waves. Figure 3.3 shows open shutter photography images before 
and after the bifurcation channel. As the channel is too long to fit in the frame 
without sacrificing resolution, images were taken separately at three different 
locations along the channel path.  
The imaging frequency is 50.4 kHz and the exposure time for each frame is 
18.84 µs. The images were post-processed by overlaying 3-4 open-shutter 
photography images which were taken consecutively at each imaging location. 
The advantage of performing this instead of recording the whole process using 
a longer frame duration is that it can get rid of all the bright flame region long 
behind the leading waves which would swipe off all the valuable trajectory 
information during recording. Based on the open-shutter photography results, it 
can be found that re-initiation was successful, but only after the third reflection 
on the front wall. The disappearing cell structures after the first and second 
reflection indicate that detonation quenched at both locations. From open 
shutter photography, two distinct regions can be found after the first reflection. 





arises due to the transversely propagating detonation wave. Region 2 also shows 
traces of fine cellular structures. There is a distinct dividing line separating the 
two regions. According to the corresponding Schlieren images in Fig. 3.3, this 
dividing line is the trajectory of the main triple point. We can also see from this 
figure that the width of the banded region is determined by the decoupled 
distance between the diffracted shock and the flame. So if the banded region 
can be identified, it also indicates that the leading shock and the combustion 
front are decoupled. It is important to note that the reasons that both cell sizes 
in region 1 and region 2 are smaller than the equilibrium cell size are different. 
For Region 1, as the transversely propagating detonation wave was sweeping 
towards the left, the gas in front of it is the pre-compressed mixture between the 
decoupled shock and the flame. The cell structures thus became smaller to fit 
this local mixture property which has a relatively high pressure and temperature. 
As for Region 2, the small cells were caused by the strong Mach stem after 
Mach reflection on the front wall. Immediately after the second reflection on 
the back wall, another two fine-cell regions (Region 3 and Region 4) which 
resemble the precedent can be faintly identified as well. But the difference is 
that the banded region disappeared when approaching the back wall after the 
first reflection, while the banded region after the second reflection was not 
interrupted during propagation. This could be caused by the relatively weak 
transversely propagating detonation which decayed into a shock wave after the 
first reflection. Unlike the first two reflections in which cell structures 
disappeared as shown in Fig. 3.3, the third reflection on the front wall induced 
similar fine cells after Mach reflection but they never disappeared. There were 





indicating that the leading shock and the flame region of the Mach stem after 
the second reflection coupled with each other without noticeable gap in between, 
even though they were not a detonation wave, neither, due to the disappeared 
cell structures at the left side of the dividing line. The successful detonation re-
initiation started only from one side of the channel cross section, as indicated 
by the cell structures which only existed in the wedge shape region. According 
to the corresponding Schlieren images, the dividing line between the cell region 
and no cell region was the trajectory of the main triple point. When the main 
triple point reflected on the back wall, the cells started to fill in the whole cross 
section, and the detonation was then fully re-initiated after the 4th reflection.   
 






It should be noted that the two fine-cell regions were also discovered by Wang 
et al. [38] using soot foil. This study finds that the overdriven but expanding 
Mach stem slows down to a sub CJ velocity, as shown in Fig. 3.2 wherein the 
fine cells in region 2 quickly disappear as the Mach stem further moves forward. 
For such a diverging Mach stem, the decreasing velocity is caused by the 
insufficient number of new cells generated during the expansion so that it is 
incapable of maintaining a constant cell size for the wave’s stable propagation. 
As a result, the thickness of the Mach stem also increases significantly 
according to Fig. 3.2. Even though cells are re-generated in Regions 3 and 4 
after the second Mach reflection, they all vanish after a short while. 
From the above results, some conclusions can be made. Firstly, the highly 
unstable detonation wave in such a bifurcation geometry can be re-initiated 
through multiple reflections, or 3 reflections to be more specific. Fine cells can 
be generated immediately after each reflection. However, they all disappeared 
shortly after the first and the second reflections. Cells can only sustain after the 
third reflection. They are originated from the front wall, and then expand 
outwards as a wedge shape. After the fourth reflection, the cells were found 
distributed across the whole cross section, and until now the detonation is fully 
re-initiated.    
To identify the reason why detonation was only successfully re-initiated after 
the third reflection, we moved the camera to obtain image details at the third 
reflection. As shown in Fig. 3.4, the multiple dark lines at the wave front before 
the third reflection are worth noting. These lines correspond to transverse shock 
waves at the wave front. The propagation direction of these transverse waves 





alike and were close to one another. However, taking the relative direction 
between the camera and the vertical Schlieren knife edge into consideration, 
these dark lines could be interpreted as multiple transverse waves with a high 
density region to the left and a low density region to the right, which implied 
that they were moving from the back wall towards the front wall. To be preceded 
by the main reflected wave, these multiple transverse waves were almost evenly 
distributed at the wave front and were moving towards the same direction. It is 
shown in Fig. 3.4(2) that when the third reflection occurred, the main reflected 
wave immediately bounced back in the opposite direction and a reactive Mach 
stem was subsequently generated. Following the main reflected wave, the 
multiple transverse waves also repeated the same reflection process and moved 
towards the back wall one by one. Consequently, as shown in Fig. 3.4(3), the 
right-moving transverse waves went across and interacted with the left-moving 
transverse waves one by one after the third reflection. These waves were moving 
in a similar manner with the transverse waves in a typical detonation wave. The 
trajectories of these multiple transverse waves also resembled the typical 
cellular structures of detonation. Thus owing to the effects of the multiple 
transverse shock waves and their interactions in the front, the leading wave was 
able to be self-sustained after the third reflection. To better depict the whole re-
initiation process, Fig. 3.5 illustrates the way how multiple transverse waves 






Fig. 3.4  Schlieren photography of detonation multiple reflections at 
downstream of the bifurcation region. The time difference between two 
consecutive images ∆t is approximately 19 µs. 
 
Fig. 3.5  Schematic illustrating detonation re-initiation mechanisms through 





Even though re-initiation was successful upon the third reflection, the above 
descriptions pointed out that the generation of the multiple transverse waves at 
the second reflection, or generally speaking, the second last reflection, was the 
vital key to achieving detonation re-initiation. As for the first reflection, the 
detonation wave was observed to develop an overdriven detonation after it. 
Even though this could ignite a large amount of mixture in the vicinity and 
provide an instantaneous impetus to push the leading shock ahead to accelerate 
for a short moment, the leading wave still gradually decayed to a subcritical 
state due to the leading Mach shock expansion, which was merely compensated 
by the insufficient formation of new cells. However, at the second reflection, 
multiple transverse waves were observed to be generated, and the associated 
interactions of the transverse waves after the third reflection formed new cells 
to compensate for the cell enlargement during the expansion, thus successfully 
maintaining the attenuated overdriven detonation without failing to a subcritical 
state. Due to spatial and temporal imaging resolution limitations of the 
experiments, the details regarding the development of the multiple transverse 
waves were still not resolved from the experiments. Hence, in the next section, 
numerical simulations are introduced to provide more details about the 
transverse waves. 
 
3.2 Numerical simulation results of detonation re-initiation  
The numerical model applied in this study uses the conservative Navier-Stokes 
(N-S) equations for the mixture gas phase combined with the conservation of 
species. The combustion process is modeled using a skeletal chemical reaction 





reactions [48]. All gas species are assumed to be thermally perfect. Therefore, 
the EOS (Equation-of-State) of a perfect gas is applicable. Characteristic 
boundary conditions are applied at the inlet and outlet of the detonation chamber, 
while the reflective boundary conditions are applied at the chamber walls [49]. 
A regular mesh grid size of 20 µm, chosen from convergence mesh grid study, 
is used to discrete the computational domain. The numerical algorithm with 
splitting operator is employed to treat for the big difference between fluid 
dynamic time scale and chemical time scale. The numerical methods for spatial 
discretization employ the 5th-order Weighted Essentially Non-Oscillation 
Local Lax-Friedrichs (WENO-LLF) scheme to approximate the inviscid fluxes 
[50], and the 4th-order central difference approximation to approximate the 
viscous flux terms [51]. The CHEMEQ package [52] is used to solve for the 
chemical kinetic source terms. The numerical method for temporal 
discretization uses the 3rd-order Runge-Kutta explicit method and time step size 
of 0.1µs to update the solutions in time [53].  
Some basic checks have been conducted on the simulation. The simulation was 
validated using zero-dimensional cases and one-dimensional cases on the basic 
detonation parameters before final implementation. A parametric study was also 
conducted on the grid size to prove that it is suitable. It should be noted that the 
grid size is not small enough to achieve direct numerical simulation and no 
turbulence model was used. This is because detonation wave propagation is 
mainly contributed from the convection process, which can be orders of 
magnitude larger than the diffusion or turbulent process. In this study, the N-S 
equations were employed to instantly account for transport terms, viscous terms, 





smaller than the convection term. To validate the simulations using detonation 
physics, it was demonstrated that the code is capable of reproducing a 
comparable equilibrium cell width (approximately 13-15 mm compared to 12-
20 mm from soot foil results and 10-30 mm from [54]) and CJ detonation 
velocity (approximately 1800 m/s±3% compared to 1823 m/s using the CEA 
program [55]). Figure 3.6 shows detonation cell structures captured by the 
history of the maximum pressure. Upon comparison with Fig. 3.2-3.3, it was 
discovered that the numerical simulations were capable of reconstructing the 
experimental re-initiation pattern after 3 successive wall reflections. There are 
some oblique and parallel trajectories in the cell-free region after the second 
reflection. With the aid of the pressure contour in Fig. 3.7, it can be seen that 
each oblique line records the trajectory of a small triple point (i.e. A and B) 
along the channel path. According to the wave structure schematics, these triple 
points correspond to the intersections of the incident wave, Mach shock and the 
small transverse wave. Hence, if we compare Fig. 3.7 with Fig. 3.4, we can see 
that the numerical simulations also successfully reproduced the existence and 






Fig. 3.6  Numerical simulation of detonation cell structure captured by the 
history of maximum pressure.  
 






Figure 3.7 reveals more details regarding the successful re-initiation at the third 
reflection which could explain the experimental observation results. As shown 
in Fig. 3.7a, small triple points B, A, F, E and D are moving towards the right 
along with the corresponding transverse waves; while the main triple point has 
already undergone reflection from the front wall and was moving towards the 
left. When a small triple point (e.g. D) reflects off the front wall, it bounces back 
and interacts with all the right-moving small triple points (e.g. B, A, F and E). 
The train of these interactions leaves successive traces of closely-spaced cell 
structures as shown in Fig. 3.6. Since the major reflected wave is the leading 
wave that could interact with the oppositely moving transverse waves, it can be 
reckoned that all the interactions could only take place after the main reflected 
wave reflects again from the front wall. This is a possible explanation for why 
successful re-initiation is only found on the right side of the channel cross 
section after the third reflection as shown in Fig. 3.3 and Fig. 3.6. Consequently, 
the trajectory of the main triple point is the boundary line between the cell-free 
region and full-cell region. Note that even though the Mach stem in the full-cell 
region was experiencing expansion after the third reflection, unlike the first two 
reflections, new cells arising from the right-moving transverse waves were 
continuously formed at the third reflection. The resultant cell size during Mach 
reflection from point J can thus be prevented from further enlargement with the 
assistance of these supplementary new cells. When the main triple point hits on 
the back wall at K in Fig. 3.6, the cellular structures fill up the whole channel 
width and a cellular detonation is subsequently found to be fully re-initiated 





In addition to the formation of new cells, Fig. 3.7 also revealed a multiplication 
mechanism for these transverse waves. In Fig. 3.7a, there are triple points A and 
B (also local hot spots) propagating towards the right with their behaviors 
similar to an expanding blast wave (Fig. 3.7a-3.7c). When the expanding wave 
originating from B reflects from the back wall, a small Mach reflection 
configuration can be found near point C in Fig. 3.7d. The new triple point C 
reflects off the back wall, and a similar expanding blast wave released outwards 
from C can also be observed. Along the whole channel, this process was 
observed to repeat for several times and all the subsequent multiple transverse 
waves were thus formed. Therefore, based on this finding, each transverse wave 
was actually initiated with the help from the collision between its preceding 
transverse wave and the wall. Even though the global wave structures and the 
general re-initiation patterns are in reasonably good agreement with the current 
experimental results, it should be noted that the numerical simulations in the 
present study are incapable of resolving the extremely fine cellular structures 
found immediately after each subcritical shock reflection in Fig. 3.3. This could 
be caused by the insufficient grid resolution or limitations due to the chemical 
kinetics model. Future studies shall be conducted on this issue to clarify its 
influence on the details of the re-initiation mechanism.  
 
3.3 The origin of the multiple transverse waves  
Even though the multiplication mechanism proved that a transverse wave could 
be formed from the collision between the previous wave and the wall, the 
question regarding the origin of the early transverse wave(s) is still unknown. 





reflection, an experiment using simultaneous Schlieren and PLIF measurement, 
which has been proven to be a promising technique [43, 56], was conducted to 
find the difference between the first and the second reflection and to look for 
the origin of the transverse waves.   
Figure 3.8(1-6) qualitatively shows shock and flame structures after the first and 
the second reflections. It was discovered that a transversely propagating 
detonation wave existed between the leading Mach stem and the diffracted 
flame after the first reflection, as indicated by the bright line in Fig. 3.8(1). 
However, according to the subsequent frame, it quickly quenched and faded 
away in Fig. 3.8(2). As a result, the mixture behind the transverse shock was 
not ignited. When this transverse wave further moved across from the front wall 
to the back wall, a whole band of the unburnt area was left behind and appeared 
as the unburnt pocket as shown in Fig. 3.8(3)-3.8(4). Due to the absence of 
reaction behind the transverse shock, this could explain why the triple point 
trajectory faded out at a later stage after the first reflection in Fig. 3.3. Figure 
3.8(4)-3.8(6) illustrate the shock and flame structure after the second reflection. 
According to Fig. 3.8(4), a circular local explosion wave was formed after the 
reflection. This explosion wave could also be clearly observed in Fig. 3.2(9) 
which immediately penetrated the unburnt pocket, culminating in ignition. As 
the explosion wave propagated, it was found to recompress the shocked mixture 
in front of the decoupled flame and ignite the mixture to form a sharp 
transversely propagating detonation (also called super-detonation). Being quite 
different from the wave after the first reflection, the transversely propagating 
detonation wave did not decay as shown in Fig. 3.8(5)-3.8(6), indicating that 





into a transverse detonation. It should be noted that the combustion process 
behind the super-detonation was extremely strong which could leave a banded 
region of fine cells as could be vaguely identified in the banded region in Fig. 
3.3. 
 
Fig. 3.8  Superposition of Schlieren and PLIF results before and after the 
second reflection. 
According to the different evolution of transverse detonations between the first 
and second reflections, we could find that the first two reflection strengths differ 
greatly due to the existence of the local explosion. Regarding the origin of the 
local explosion, two bright spots as identified in Fig. 3.2(8) were observed to be 
responsible. According to their locations, it was found that the top one was due 





mixture in the induction zone and led to an instantaneous explosion core. The 
bottom one was at the head of the unburnt pocket, which was caused by the 
shock reflection that propagated into the unburnt pocket and finally led to the 
bright ignition spot. So to summarize the origins of the local explosion, the 
reflections of both the leading shock wave and the transverse shock were 
observed to play an important role. As the strong local explosion started, small 
disturbances were able to initiate and grow at the wave front which subsequently 
became the early stage of the first few transverse waves as shown in Fig. 3.4.   
Considering that the detonation re-initiation phenomenon is somehow 
stochastic, some unsuccessful re-initiation processes have also been detected at 
the same testing condition. Figure 3.9 compares the normal successful re-
initiation case with a typical but rare unsuccessful case at the second reflection. 
It was found that when unsuccessful re-initiation occurred, the transverse shock 
would not result in a transverse detonation after the second reflection. No local 
explosion took place, and only the mixture behind the Mach shock was ignited. 
This meant that the transition from transverse shock to transverse detonation 







Fig. 3.9  Comparison of the simultaneous measurement results between 
successful and unsuccessful detonation re-initiation. 
After consolidating both experimental results and numerical simulations, the 
complete re-initiation process can thus be summarized. The re-initiation 
mechanisms were observed to start with two subcritical reflections and end after 
the third reflection. The first subcritical reflection is relatively weak which 
results in a big unburnt pocket and a largely decoupled incident wave. When the 
second reflection occurs, the incident wave and the reflected wave reflect into 
the highly reactive pre-compressed mixture and induce a strong local explosion. 
The strong explosion wave causes the transverse shock to undergo transition 
into a transverse detonation and assists the formation of multiple transverse 
waves at the reflected Mach stem. Even though the overdriven Mach stem at the 
second reflection eventually decays, it is the multiple transverse waves that 
determine the success in re-initiation. After the second reflection, these 
transverse waves move towards the front wall, bounce back in the opposite 
direction and interact with one another. With such dense interactions between 
the closely-spaced transverse waves, local reactions could be stimulated, acting 





Even though a similar phenomenon, i.e. the unburnt pocket was also observed 
previously during re-initiation in other geometries [38], it should be noted that 
the re-initiation mechanism may not be unique as it may probably differ by 
using mixtures with distinct properties. As mixture reactivity is directly linked 
to the reflection strength, the number of reflections required for re-initiation 
may differ from 3 if other mixtures are used. Besides, the corresponding 
mechanism also remains to be explored. 
 
3.4 Detonation re-initiation experimental results in other 
geometry confinements and testing conditions. 
3.4.1 Experiments in other geometries confinements.  
According to the previously summarized critical conditions for successful 
detonation re-initiation, we can see that all the results tried to correlate re-
initiation phenomenon with the channel width and the detonation cell width. So 
next we investigated how re-initiation phenomenon could differ when one of 
the variables changes in a wide range. Figure 3.10(1) shows soot foil results of 
detonation propagation inside 3 different vertical channel geometries (30 mm, 
20 mm and 10 mm). Channel with even wider width was not tested in the present 
study as it would lead to detonation spontaneous re-initiation without shock 
reflection. It was found that when channel width changes, completely different 
re-initiation process could take place. For 10 mm channel width, all detonation 
shots quenched immediately after an incoming detonation wave propagated into 





changes. For all the seven detonation shots ran in this geometry, two were found 
with successful re-initiation and all the other five were not. Figure 3.10(2)-
3.10(3) shows typical successful and unsuccessful re-initiation cases at 20 mm 
channel width. In the unsuccessful case, the soot foil result looks very similar 
with that in 10 mm channel except that a noticeable trajectory from the second 
reflection exists. It shows that before and after the first reflection, cell structures 
quickly disappeared due to the detonation diffraction and expansion of the Mach 
stem. When the second reflection occurs, tiny cells appeared from the reflection 
location. The cells were found disappeared immediately after shock reflection 
and the main triple point trajectory also faded out on the soot foil.  For the 
successful re-initiation case, the first two reflections were also observed not 
sufficient for detonation re-initiation. No evident cell structures exist until the 
third reflection occurs on the front wall. Very fine cell structures together with 
the triple point trajectory of the main reflected wave suddenly become evident 
only from the third reflection, indicating that an overdriven detonation was 
formed from the third reflection which could instantaneously lead to the final 
re-initiation.  
When further increase the channel width to 30 mm, successful detonation re-
initiation can be found in all the detonation firing shots. According to the cell 
structures, the re-initiation pattern was found similar to that in 40 mm channel 
as shown in Fig. 3.3. The first and second reflection can induce small local cell 
structures due to the strong Mach reflection. The small cells all disappeared 
during the further expansion of the Mach stem. Only after the third reflection, 
the cell structures were generated without disappearing anymore. The cell 





the fourth reflection re-initiated a self-sustained detonation wave across the 
whole cross section. The high resemblance of the re-initiation patterns between 
40 mm and 30 mm channel width indicates that the same re-initiation 
mechanisms can probably apply to this 30 mm channel case.  
 
Fig. 3.10 Soot foil results of detonation re-initiation in other channel 
geometries. 
Regarding the repeatability of the detonation re-initiation experiments, it could 
be affected by the intrinsic unstable nature of the detonation phenomenon and 
the measurement uncertainty from the instruments employed. The intrinsic 
unstable nature of detonation waves can be reflected in the inlet wave velocity. 
Even though the same deflagration to detonation transition (DDT) devices were 
used to generate detonation waves in the horizontal channel for all the 
detonation shots, it was recorded that the inlet wave velocity could slightly 
deviate from the theoretical CJ speed by approximately ±3%. This small 
difference can result in the different shock reflection strength between walls, 
and eventually lead to completely different results as shown in Fig. 3.10 when 





come from the limitations of the internal delay time of various instruments. One 
example is the pressure sensors and the digital delay. The best way to install the 
pressure sensor for trigger purpose would be to install it right before the imaging 
area, so that the wave reaches the same location can be captured all the time for 
comparison. As there is an internal delay of the digital delay instrument, the 
trigger signal received may not be instantaneously sent to the camera for 
imaging. So in our experimental setup, the pressure sensor for trigger is installed 
at way upstream. Due to this long distance and the varying detonation velocity 
from shot by shot, it could take a different amount of time for the wave to reach 
the same region. So each image taken from different detonation shot may not 
show the completely repeatable wave structures.  
One unsuccessful detonation re-initiation case was shown in Fig. 3.11-3.12 for 
20 mm channel width. Fig. 3.11 shows the detonation transmission at the 
bifurcation area. In the first two frames, a multi-front detonation wave can be 
observed in the horizontal channel. When the wave further proceeded into the 
vertical channel, the general Mach reflection processes were similar to those in 
Fig. 3.2. A Mach stem can be formed immediately after the first two reflections. 
However, they all quickly quenched into a decoupled shock-flame complex as 
shown in frame 6 and frame 9. According to the previous simultaneous 
measurement results, the dark region generated after the first reflection was 
proven to be an unburnt pocket. They were not ignited effectively as the mixture 
behind the Mach stem. At the second reflection, since a transverse detonation 
was not generated, a larger unburnt pocket area was formed behind the leading 
shock wave. Due to such a slow ignition process and the decoupling of the Mach 





wave in the last few frames. Fig. 3.12 shows the shock reflections at the further 
downstream region. In the first four frames, it was found that the shock 
reflections between the front wall and back wall were still active as the front 
wave curvature due to Mach stem propagation can be clearly observed. While 
in the last four frames, due to the weak Mach stem generated after each 
reflection, the speed of the Mach stem fell close to the incident wave. As a result, 
the leading wave became flat, and no evident Mach reflection process could 
take place ever after. Considering that the reflected wave can play a major role 
in mixture ignition and unstable detonation propagation, such a flat leading 
wave would thus not be able to lead to detonation transition. Due to the lack of 
Mach reflection mechanism and the weak leading shock wave which is no 
capable of directly igniting the mixtures, the combustion process slowed down, 
and the flame region was further stretched. According to the pressure signal at 
downstream, the re-initiation failed eventually. 
 
Fig. 3.11 High speed Schlieren images of a typical unsuccessful re-initiation 






Fig. 3.12 Unsuccessful detonation re-initiation in 20 mm width channel at 
downstream (Firing shot 717). 
Another example is shown in Fig. 3.13 which could probably explain the 
successful detonation re-initiation in the 20 mm width channel (Fig. 3.10). Fig. 
3.13 shows the sequential wave dynamics at downstream after the channel 
bifurcation. The first few frames show similar shock reflection process with that 
in Fig. 3.11. Start from frame 4, bright light was emitted from the leading wave, 
which suggests strong combustion process near the wall. Due to this strong 
combustion, the leading wave average velocity was measured to increase from 
1406 m/s to 1990 m/s, and the distributed combustion region was left far behind 





striations can also be vaguely identified behind the leading shock wave in frame 
7, proving that a cellular detonation wave has been generated. Thus owing to 
this local DDT process from the leading shock wave, a detonation wave was 
successfully re-initiated in the middle of the channel path, which is identical 
with the soot foil result as shown in Fig. 3.10. Because DDT shows strong 
stochastic nature, the location of detonation transition and even transition 
process itself would be unpredictable. Thus the re-initiation experiment at this 
critical testing condition shows both successful and unsuccessful re-initiation 
results according to Fig. 3.10.  
 
Fig. 3.13 DDT process during detonation re-initiation in 20 mm width channel 





It should be noted that, even though successful detonation re-initiation can be 
obtained from the channel geometries which are wider than 20 mm, this result 
is not consistent with either of the two critical conditions which are summarized 
in [39-40]. Even though the study by Wang et al. [41] concluded that the channel 
critical geometry was only bounded by detonability, which seems to comply 
with our results. Their study only focused on narrow channel width of less than 
7 mm, and more experiments using other channel geometries would be needed 
if we can compare our study with theirs. Figure 3.14 shows the summarized 
criteria which have been concluded before. The horizontal axis is the channel 
width, and the vertical axis is the cell width. The regions beyond each critical 
line represent the unsuccessful re-initiation range. In order to find the reason 
leading to the discrepancies between the present and the previous studies, we 
analyze the differences applied in testing conditions and methodologies. One of 
the major differences is the length of the vertical channel width. The length of 
the present vertical channel is longer than 600 mm, which is almost two times 
longer than those utilized in [39-40]. Since re-initiation through multiple 
reflections require a long channel (at least 450 mm bifurcation channel in two 
directions according to Fig. 3.2) to achieve, it could be concluded that the 
discrepancies may probably due to the sufficient length of the vertical channel 
from the present study which is capable for more times of reflection to take 
place. To verify the speculation, we also re-evaluated the re-initiation results at 
the same vertical channel location (228 mm) with that in [40]. Owing to the 
limited channel length which could only allow less than 2 times of reflections 
to take place, the successful re-initiation cases as shown in Fig. 3.2-3.3 would 





trajectories in the range of 120 mm-300 mm distance downstream from the 
bifurcation. With a few more testing cases added in, it can be discovered that 
the present testing results comply well with the critical condition summarized 
in [39-40]. So it could be concluded that even though discrepancies exist 
between the present study and the previous studies, the summarized results are 
all correct with respect to certain geometries confinements. 
 
Fig. 3.14 Comparisons between the present study and the previous studies. 
 
3.4.2 Experiments using other mixture initial conditions.  
Since previous results showed that the cell width is also an important factor to 
influence the re-imitation, experiments with mixtures which have other cell 
widths have also been conducted in the present study. To better compare with 
the previous baseline experiment, we change the detonation cell width by 
altering the initial pressure but at the same time keep the same mixture 





channel width (40 mm). In order to change the initial pressure, the single shot 
method which can completely seal the mixture inside the chamber before 
ignition was used. Various tests were conducted with the initial pressure from 
0.8 bar to 1.05 bar as shown in Table 3.1. Even though pressure only varies in 
a relatively small range, multiple re-initiation patterns have been observed. It 
was found that when the initial pressure is lower than 0.95 bar, the re-initiation 
will be unsuccessful. However, if the pressure is larger than 0.95 bar but smaller 
than 1.05 bar, detonation re-initiation is usually achieved through more than 3 
reflections. Through analysis on the initiation mode, it was found that the 
initiation could take place by a local explosion. The location of detonation 
transition was also found a bit random. When further increase the initial pressure, 
the re-initiation pattern became relatively predictable with less than three times 
of reflections required. In addition, the re-initiation usually occurs with the aid 
from the multiple transverse waves' interaction, which is the same with that as 
illustrated in Fig. 3.5. No further experiments were conducted at initial pressure 
larger than 1.053 bar as the experiments were focusing on the transition from 
unsuccessful to successful re-initiation process. But less times of shock 
reflections would be expected before re-initiation if even higher pressure cases 
were tested.  
















SS74 0.792 1.02 72.9% Unsuccessful 





SS76 0.954 1.01 72.8% Unsuccessful 
SS77 0.981 1.01 72.8% 
Successful after 
more than 3 shock 
reflections 
SS73 1 1.00 72.8% Successful 
SS79 1.043 1.01 72.8% Successful 
SS78 1.053 0.99 72.9% 
Successful after 
more than 3 shock 
reflections 
 
Figure 3.15 shows high speed imaging of a typical unsuccessful detonation re-
initiation case after the second reflection. As shown in the first frame, after the 
second reflection on the back wall, the reactive Mach stem only existed for a 
very short time before it quickly decayed into a shock-flame complex. At the 
front wall side, the distance between the incident shock wave and the trailing 
flame front after the first reflection also became very evident. There was a 
transversely propagating wave which connected the incident wave and the Mach 
stem together. Since the second reflection was not strong, the transversely 
propagating wave was an unreactive shock wave which left a trailing unburnt 
pocket behind. The third reflection took places when the transverse shock wave 
hit the front wall. In frame 4, it was found that the third reflection was too weak 
to directly ignite the local mixture. In frame 5, after the third reflection, the 
leading wave and the flame front behind are separating even further. Besides, 
there is a special detonation structure which has one more reflected waves 
involved than the normal triple point structure. The structure has been 
discovered before by Bhattacharjee et al. [57], and the intersection point is 





Such a structure was found to be commonly observed during shock wave 
reflections between walls. Fig. 3.16 shows another case which experiences 
much weaker shock reflections between walls at the wave front. The flame 
region was far behind the leading shock wave so that it could allow us to identify 
the clear shock wave structure and the origin of the quadruple point. The first 
frame shows a typical detonation triple point structure with Mach stem/slip line 
on the left and incident wave/reflected wave on the right. Since the reflected 
wave was very near the front wall, it also reflected on the front wall which then 
generated a Mach reflection configuration with a second reflected wave 
attached. The second frame shows the intersection of the triple point and the 
reflection point of the reflected wave at the same location on the front wall. 
After this intersection, the triple point was reflected towards the opposite 
direction while the second reflected wave was still attached to this new triple 
point. So in the last frame, the bow-shaped shock wave is the real reflected wave, 
and due to the existence of the additional second reflected wave, the triple point 
now became a quadruple point. Among all the shock waves, the shear layer was 
found to be very weak. But still, the turbulent mixing between the unburnt gas 
and the ignited products at the shear layer can be clearly observed near the front 
wall in Fig. 3.15 frame 5. Even though this process has been proven to be an 
important mechanism for detonation re-initiation [57], due to the relatively 
weak shock reflection, the local mixtures cannot be ignited. The calculated 
velocity from the Schlieren results and the profile of the wave clearly indicated 






Fig. 3.15 High speed Schlieren result for case SS74. 
 





When slightly increased the initial pressure to 0.98 bar, the re-initiation was 
found to be successful. It should be noted that even though according to 
Schlieren images, the re-initiation did not take place after the third reflection, 
the pressure sensor signal clearly indicates detonation features at further 
downstream, indicating that detonation transition occurred at a location further 
downstream. Figure 3.17 shows the high speed imaging of the firing shot SS77. 
It can be observed that the second and the third reflection both failed to initiate 
detonation transition. Even though only minor pressure difference exists 
between this case and the previous case in Fig. 3.15, a distinct phenomenon can 
still be observed. It was discovered that after the third reflection on the front 
wall, the shear layer was more evident and clearer. Besides, a clear link and 
interaction between the shear layer near the front wall and the trailing flame 
region can be observed from frame 4 to frame 6. This process is due to the jet 
formation from the shear layer, which can re-inject the combustion products 
from the flame region into the shocked mixture behind the Mach shock [57]. 
Besides, the shear layer was also found to be acting as a vortex which could 
draw the trailing flame front towards the upstream to the leading wave. Due to 
all these effects, it could enhance the mixing and further facilitate the re-ignition 
of the mixture at downstream. With the aid of this jet formation process, this 
case is one step more forward to the successful re-initiation than that in Fig. 
3.15. Through measuring the leading wave and the retonation propagation in the 
camera view region, assuming that the detonation transition occurs at the 
leading shock wave, the rough location for detonation re-initiation can be 
predicted as shown in Fig. 3.18.  It was found that the detonation re-initiation 





respectively from the horizontal channel. It shows that near the critical condition, 
the re-initiation pattern for unstable detonation becomes stochastic and 
unpredictable. Much more shock reflections would be needed for DDT if a 
suitable local environment can be reached. 
 






Fig. 3.18 Prediction of detonation transition location based on the leading shock 
wave and retonation propagation. 
In addition to the high speed images, velocity information of the leading waves 
after each shock reflection has also been extracted for all the firing shots in 
Table 3.1. The main purpose is to investigate how waves propagate after each 
shock reflection and the critical shock velocity for successful re-initiation. 
Figure 3.19-3.20 show typical wave propagation for unsuccessful and 
successful detonation re-initiation cases, respectively. Main differences could 
be identified from the second reflection which indicates that an overdriven 
detonation wave can always be initiated at the second reflection for successful 
detonation re-initiation. Since shock reflection strength directly depends on the 
wave speed and the angle, it could be concluded that 1000 m/s is the critical 
velocity for the leading shock wave before the second reflection. When the 
leading waves reach more than 1000 m/s in firing shot SS73 and SS79, the re-






Fig. 3.19 Wave velocity change in unsuccessful detonation re-initiation cases 
(firing shots SS75 and SS77, subscripts indicate waves after the 
specific times of shock reflection). 
 
Fig. 3.20 Wave velocity change in successful detonation re-initiation cases 
(firing shots SS73 and SS79). 
A few more velocity features could also be discovered. It was found that for 
successful detonation re-initiation, even though the wave after the second 
reflection would decelerate, its propagation velocity fluctuates in a big range. 
The velocity variations in Fig. 3.20 show that velocity could also increase 
temporarily during the whole deceleration process. This is probably due to the 





reflection as observed in Fig. 3.4, which could interact with each other and act 
as the pulsed impetus to push the leading wave ahead over and over again. Other 
mechanisms including one-dimensional instability of the wave front could also 
impose negative effective to the detonation re-initiation. Another feature which 
could also be identified is that the leading wave would stop decelerating for a 
while when the velocity falls to near 1000 m/s. For all the unsuccessful re-
initiation cases in Fig. 3.19, when the wave decayed to around 1000 m/s, there 
may be approximately 40us time during which the wave moved at roughly the 
constant speed. Note that the 1000 m/s speed is approximately half CJ velocity. 
This result is consistent with that observed in [58-60], which discovered that a 
detonation wave that goes through a porous media could quickly drop to half 
CJ speed. Even though the propagation mechanisms for this half CJ wave was 
not elucidated at that time, the wave was later identified as a CJ deflagration 
wave by [61-62]. It was concluded that such a meta-stable supersonic wave has 
a leading shock which is just a consequence of a rapid burning of the mixture in 
the reaction zone, so that the leading wave is weakly coupled with the trailing 
flame to form a quasi-steady state. After a short period of propagation at this 
speed, the wave was found decelerating again gradually, and thus re-initiation 
fails. 
 
3.5 Summary of observations for unstable detonation re-
initiation phenomenon 
The experiments and numerical simulations in this chapter elucidated the 





reflections. It was found that re-initiation in the bifurcation channel always took 
place after multiple shock reflections (generally needs three times), and the 
second last reflection was the most vital stage. During the propagation, multiple 
transverse waves that originated from the second reflection were observed to 
play an important role for the re-initiation. The multiple transverse waves 
reflected from the front wall and interacted by moving across one another. Such 
a process resembled the interaction between transverse waves in a typical 
detonation wave which allowed the leading wave to be self-sustainable. It could 
also aid re-initiation by adding new cells in the Mach stem expansion region 
such that further enlargement in the size of the cellular structure could be 
prevented. Simultaneous measurements using Schlieren imaging and PLIF were 
successfully implemented to further investigate the origin of the transverse 
waves. It was discovered that a local explosion can be generated due to the 
ignition of the locally shocked mixture and the unburnt pocket, which could 
cause a transverse shock to undergo transition into a transverse detonation, thus 
providing a big flow disturbance during the propagation which could eventually 
result in the early stages of the multiple transverse waves. 
When the channel width and the mixture properties are considered to be the 
most important factors to determine the re-initiation process, similar 
experiments were also conducted by changing these parameters to reveal how 
re-initiation could be affected. Through experiments in other channel widths, it 
was found that there are some discrepancies between the present study and the 
previous studies about critical conditions for successful re-initiation. By 
comparing the testing conditions, we identified that the discrepancies are 





determines the times of shock reflections that could be allowed to take place 
within the channel, the result would show differently if not enough shock 
reflections could occur before final re-initiation can be achieved.  
More experiments were conducted at other mixture initial conditions. Detailed 
processes of both successful and unsuccessful detonation re-initiation were 
obtained through direct optical observations. For ethylene + air mixture at the 
stoichiometric ratio, it was found that critical detonation re-initiation took place 
when the pressure was approximately 0.95-0.98 bar. When the initial pressure 
was near critical, the re-initiation pattern was found not unique. Even though 
re-initiation through three shock reflections was found a dominant pattern for 
critical successful re-initiation, re-initiation was also observed to occur at 
further downstream through DDT process after more than three shock 
reflections. This is probably due to the leading wave which can move at half CJ 
speed. As the leading wave speed was not decreasing all the way to a very low 
value, the flame and the leading shock could still be weakly coupled which can 
further allow DDT and re-initiation at downstream. By analyzing the Schlieren 
and PLIF images and measuring the wave velocities, a critical wave velocity of 
1000 m/s before the second shock reflection can be identified. It was also found 
that when the wave propagates faster than the critical speed, the second 
reflection can successfully generate a reactive Mach stem which finally 





Chapter 4  
Re-initiation mechanisms for stable 
detonation waves 
 
4.1 Re-initiation phenomenon for stable detonation  
In order to investigate re-initiation phenomenon of stable detonation and find 
the differences from that of unstable detonation, mixtures with a high 
percentage of Argon dilution have been tested. Based on the method introduced 
in Chapter 1, the calculations of the reduced activation energy show that the 
highly Argon diluted mixture of Ethylene and Oxygen falls near the neutral 
stability curve which can be treated as a mixture for weakly unstable detonation. 
To compare the stable detonation results with the unstable cases, the mixture 
which can generate approximately the same cell width (20 mm for Ethylene air 
mixture at 1 bar and 300K temperature) was tested. According to the cell width 
database [15], we tested C2H4+3O2 with 88% dilution of Argon gas at the 
initial condition of 0.3 bar and 300 K which has reduced activation energy of 
5.9. 
Figure 4.1 shows the high speed re-initiation images of a stable detonation wave. 
Generally, the pictures of stable detonation are much cleaner than those of 
unstable detonation, particularly in the region behind the leading shock wave 
where very little density variations exist inside. The region between the leading 
shock and the trailing flame was almost transparent, and the flame region cannot 
be easily identified due to the relatively small density variations. According to 





condition. In the first frame, we can see a wave which was moving in the 
horizontal channel. Based on the pressure sensors signal near the inlet of the 
bifurcation chamber, the wave velocity can be calculated to be 1420 m/s, which 
is 6% lower than that predicted using the CEA program [6]. When the 
detonation wave diffracted at the bifurcation region as shown in frame 2-3, a 
clear induction length can be found immediately. As the wave reflected on the 
front wall, a typical Mach reflection configuration with a Mach stem, an 
incident wave, a reflected wave and a shear layer can be observed. Even though 
the Mach stem in frame 4 was observed to propagate at 1355 m/s, it immediately 
quenched out to a shock wave and a trailing combustion front in frame 5. To 
compare the wave velocity in the present firing shot with that of an unstable 
detonation in Fig. 3.19, it can be discovered that the Mach stem velocity 
decayed faster for stable detonation, while the unstable detonation was shown 
to be able to stay at a meta-stable state at a sub-CJ velocity. Before the third 
reflection took place on the front wall again, the leading wave velocity can drop 
to 800 m/s in frame 8. When the Mach stem expanded out towards the back wall, 
the second reflection took place. Immediately after the second shock reflection, 
the Mach stem quickly evolved into a shock-flame complex with a clear 
induction length in between in frame 8. The third reflection was out of the 
camera view area, but according to the pressure signal of the sensors at further 
downstream, the velocity of the transmitted wave was approximately 1000 m/s, 






Fig. 4.1  High speed Schlieren imaging of unsuccessful detonation re-initiation 
at bifurcation region (SS58). 
Generally, the Schlieren results of stable detonation at the first two reflections 
show similar features with those for unstable detonation, despite some minor 
differences mentioned above. Figure 4.2 shows the simultaneous measurement 
of the shock wave and the combustion front after the first reflection. From the 
figure, we can clearly see that a long induction length was developed after the 
shock diffraction. Near the back wall, the induction length was measured to be 
almost 20 mm. Due to such a long diffraction period, the flame region behind 
the diffracted shock wave was completely quenched as no OH radical has been 
detected near the back wall. Behind the incident wave, combustion process only 
exists at the curved reflected wave front which is induced by the vortex near the 
bifurcation corner. This is probably because of the shock compression effect 





the pre-compressed mixture behind the incident wave. The Mach stem was not 
decoupled at this frame, but a small and clear distance between the transverse 
shock and the trailing flame can be identified, indicating that a transverse 
detonation was not generated. Owing to the weak transverse wave, an unburnt 
pocket behind the transverse wave was developed and started to accumulate. 
Compared with the simultaneous measurement results in the previous Chapter 
of Fig. 3.8, we can see that both cases show unburnt pockets and weak 
transverse shock waves. However, for the stable detonation, the combustion 
tends to quench out faster and more complete than that for the unstable 
detonation. 
  
Fig. 4.2  Simultaneous measurement of firing shot SS58 after the first 
reflection. 
 
4.2 Detonation re-initiation results at other initial conditions 
Since the detonation wave with approximately 20 mm cell width was observed 





under which condition the re-initiation would be successful, we gradually 
increased the initial pressure of the mixture and observed the transition between 
successful and unsuccessful re-initiation.  
Similar experiments were conducted in the pressure range from 0.3 bar to 0.7 
bar, which corresponds to the cell width from 20 mm to approximately 7 mm. 
It was found from Table 4.1 that only if the initial pressure is higher than 0.5 
bar could the re-initiation be successful. To further dig into the details, Fig. 4.3 
shows the high speed imaging of the unsuccessful re-initiation case SS67 at the 
second and the third reflection location.  Frame 1 is the origin of the second 
reflection on the back wall. After combining with the simultaneous 
measurement result as shown in Fig. 4.4, it was found that even though the 
second reflection can lead to the ignition of the local mixture instantaneously 
after the reflection, the combustion front failed to follow the leading shock wave. 
Although the shear layer near the back wall was observed to induce a noticeable 
vortex in frame 2 which may enhance the mixing between the unburnt mixture 
behind the leading shock and the burnt products in the trailing flame region, the 
leading shock wave was still too weak to result in ignition behind. So the 
induction length became more evident in the subsequent frames. The 
simultaneous measurement image also proved that a big unburnt pocket was 
accumulated after the first shock reflection. The transverse detonation was not 
observed after the second shock reflection. The large dark area in the PLIF 
image shows that another big unburnt pocket was also accumulated after the 
second shock reflection. These findings regarding the unburnt pocket and the 
non-reactive transverse wave are very similar with that observed in the 





the jet formation through the shear layer and the interactions between the vortex 
and the trailing flame in this case are much weaker. Turning to the third 
reflection on the front wall as shown in frame 4, a reflected wave near the front 
wall added onto the triple point which formed a typical quadruple point structure. 
Due to the largely weakened shock wave and the shock reflection process, the 
mixture cannot be instantaneously ignited at all. The flame region could not 
catch up, and the re-initiation thus failed.  















SS66 0.302 1.08 87.9% Unsuccessful 
SS71 0.456 1.02 87.9% Unsuccessful 
SS65 0.501 1.12 87.7% Unsuccessful 
SS67 0.504 0.97 88.2% Unsuccessful 
SS81 0.513 1.02 88.0% Successful 
SS80 0.532 1.05 87.9% Successful 
SS70 0.558 0.99 88.1% Successful 
SS69 0.608 0.99 88.0% Successful 







Fig. 4.3  High speed Schlieren imaging of unsuccessful detonation re-initiation 
at downstream location (SS67). 
  






A few more experiments were run above the critical pressure. A representative 
example of shot SS81 was shown in Fig. 4.5. Detonation re-initiation processes 
were recorded at downstream from the second shock reflection. It could be 
discovered that near the critical initial condition, 3 shock reflections are required 
for a successful re-initiation. Another feature noticed from all the successful re-
initiations is that the reactive Mach stem can all be achieved through the second 
reflection. To compare with the unsuccessful re-initiation case in Fig. 4.4, the 
second shock reflection in Fig. 4.5 was found sufficiently strong to induce a 
reactive Mach stem from the back wall. Even though the Mach stem would 
decay into a shock-flame complex at the end of the second shock reflection, the 
shock and flame would always recouple together when the reflected wave from 
the third reflection approached towards the back wall again. It should be noted 
that in successful re-initiation cases using stable detonation, multiple strong 
transverse waves were not observed after the second shock reflection. This 
indicates that the interactions of the multiple transverse waves may not 
contribute to the re-initiation process for stable detonation. It also complies well 
with the experimental and numerical simulation findings [16, 46] which indicate 
that transverse waves do not play a crucial role in the propagation of stable 






Fig. 4.5  High speed Schlieren imaging of successful detonation re-initiation at 
downstream location (SS81).  
  
Fig. 4.6  Simultaneous measurement of firing shot SS70 after the second 
reflection. 
Considering only tiny initial condition differences existed between the 
successful and unsuccessful cases in Table 4.1, more detailed analysis was done 
to reveal the most important parameter which determines the re-initiation results. 
Figure 4.7-4.8 shows the velocity of Mach stems after the first, the second and 
the third reflection in successful and unsuccessful re-initiation processes, 
respectively. It can be discovered that the wave velocity before the second 





velocity before the second reflection was higher than 900 m/s, the re-initiation 
cases were all found successful. Such a wave would be strong enough to directly 
initial a reactive Mach stem which has an initial velocity higher than 1500 m/s. 
Even though the generated Mach stem after the second reflection was observed 
to slow down gradually to sub-CJ, it would then be swept through by the Mach 
stem from the third reflection. It was recorded that the third reflection can result 
in a reactive Mach stem which has similar velocity variation with that after the 
second reflection. The Mach stem was also observed to start with an initial 
velocity of 1500 m/s, and then gradually decay until the fourth reflection would 
occur. For the decreasing leading wave velocity after the second reflection, the 
difference addressed from Fig. 3.19 shows that the velocity is decreasing 
constantly without reaching a meta-stable state. Considering that the velocity 
variations for unstable detonation waves were due to the multiple transverse 
waves’ interactions, the gradual decay for stable detonation waves infers that 
the influences from the transverse waves to the leading wave’s propagation are 
much weaker. Compared to the unsuccessful cases, the leading wave curvature 
radius in Fig. 4.5 is larger. This is due to the existence of the transversely 
propagating detonation, which moves faster than the transverse shock for the 
unsuccessful re-initiation cases. Such a velocity increase can be reflected in the 
images by forming a flatter leading wave profile with a larger curvature radius. 
So even though wave propagation at further downstream was not observed, we 
can speculate that such shock reflections would still occur until the leading wave 
becomes almost flat without the noticeable curvature. For the velocity 
information presented in Fig. 4.7-4.8, it should be noted that there may be some 





is due to the limitation of the high speed camera temporal resolution which can 
only record the average speed between two frames. Usually, when a shock 
reflection takes place, a significant velocity increase would be expected for a 
short time. Here all the velocities are the average values between two frames.  
 
Fig. 4.7  The velocity of the leading front waves after 3 shock reflections in 3 
successful detonation re-initiation cases. The subscript denotes the 
wave after certain times of shock reflections.   
 
Fig. 4.8  The velocity of the leading front waves after 3 shock reflections in 2 
unsuccessful detonation re-initiation cases. The subscript denotes the 





For the unsuccessful re-initiation cases as shown in Fig. 4.8, it was found that 
the Mach stem velocities after the first reflection are all slower than 900 m/s. 
Even though this velocity is only slightly smaller than that of the successful 
cases, the second shock reflection failed to induce a reactive Mach stem. The 
reflection was shown to be only able to result in a non-reactive Mach stem with 
the velocity of approximately 1000 m/s, which is much smaller than the 
corresponding CJ velocity. During subsequent propagation, the Mach stem after 
each reflection was found to repeat the same velocity variation, changing from 
1100 m/s to 800 m/s until the next shock reflection occurred. Due to such a slow 
leading shock wave velocity, the induction time and length would increase 
significantly as shown in Fig. 4.3. Therefore, the flame and the leading shock 
wave were detached with each other all the time which eventually made it 
impossible to re-initiate a detonation wave. 
According to the extracted velocity information, it can be revealed that for stable 
detonation, a successful re-initiation starts from an oblique leading shock wave 
before the second reflection which is faster than 900 m/s. After the second shock 
reflection, a reactive Mach stem could be generated which is initially overdriven. 
Even though the Mach stem velocity would decrease to sub-CJ, the subsequent 
reflection would result in a Mach stem with the same overdriven state. The same 
shock reflection takes place until the leading wave becomes flat and stable 
which will eventually move at a self-sustained speed. The unsuccessful 
detonation re-initiation shows entirely different wave velocity changes at the 
second reflection. It was observed that the shock reflections all result in non-





gradually slowed down until the next reflection took place. Due to such a slow 
velocity compared to the CJ velocity, the re-initiation would fail eventually. 
As shown in Fig. 4.5, after the third reflection, white and black lines become 
apparent at the wave front, indicating that multiple transverse waves have been 
generated successfully after three shock reflections. So after that, a self-
sustained detonation wave is then completely re-generated. If we compare this 
re-initiation pattern at the critical conditions with the one found in Chapter 3, 
one major difference could be noticed, which shows that the re-initiation pattern 
for stable detonation does not have so many uncertainties in the required number 
of shock reflections. It seems like for the highly Argon diluted mixture used in 
this experiment, if re-initiation cannot be achieved before the three shock 
reflections, then further more times of shock reflections would do no good 
neither.    
Radulescu and Maxwell [37] have previously studied the re-initiation problem 
through multiple shock reflections. Based on numerical simulations of unstable 
detonation waves, it was summarized that the re-initiation phenomenon is 
contributed by the gradual acceleration of the leading front and the punctuated 
small scale sudden acceleration. Since shock reflections could give rise to the 
reactivity of the local mixture and burnout a large amount of the mixture for 
both stable and unstable detonation waves, the mechanism proposed can apply 
as a universal rule, which is also consistent with our experimental findings. 
However, what was not included in the numerical simulation for stable 
detonation [37] was the cut-off threshold of the leading wave velocity (1000 
m/s for unstable detonation waves and 900 m/s for stable detonation waves) for 





that there exists a shock wave velocity threshold for the present testing condition. 
If a shock wave moves slower than the threshold, the subsequent shock 
reflections would not re-initiate detonation, and the acceleration mechanism 
starts to fail.  
 
4.3 Transitional behavior of detonation re-initiation from stable 
detonation to unstable detonation.  
The results obtained experimentally using stable and unstable detonation for re-
initiation show different critical initial pressure and cell size, indicating that 
single general criteria regarding the channel geometry and the mixture property 
may not be able to apply to two distinct detonation types. The results have been 
presented in this chapter and the previous chapter, supporting that the re-
initiation could probably be affected by the type of dilution and the dilution ratio. 
So there may exist some re-initiation mechanism differences when we gradually 
change the detonation waves from unstable to stable, and the change may take 
place either in a gradual way or a sudden way. In order to investigate the 
transitional behavior, some experiments have been conducted at various Ar and 
N2 dilution ratios.   
The testing conditions of the pure N2 diluted mixture and the pure Ar-diluted 
mixture are shown at the top and the bottom of Table 4.2 (more details regarding 
the mixture concentration information, see Appendix A and B). These are the 
two extreme cases of unstable and stable detonation. To test the transitional 
behavior, several testing conditions were selected based on the linear 





dilution ratio. Other parameters, e.g. equivalence ratio, ignition energy were 
kept the same. These testing conditions are shown in the table between the 
extreme cases. 
Table 4.2. Testing conditions with varying values of Argon dilution ratio and 




















SS73 0%Ar 1 1.00 0 0 Successful 
SS74 0%Ar 0.792 1.01 0 0 Unsuccessful 
SS75 0%Ar 0.904 1.02 0 0 Unsuccessful 
SS76 0%Ar 0.954 1.01 0 0 Successful 
SS77 0%Ar 0.981 1.01 0 0 Successful 
SS78 0%Ar 1.052 0.99 0 0 Successful 
SS79 0%Ar 1.043 1.01 0 0 Successful 
SS100 25%Ar 0.648 1.01 0.19 0.25 Successful 
SS101 25%Ar 0.546 1.02 0.19 0.25 Unsuccessful 
SS102 25%Ar 0.598 1.00 0.19 0.25 Successful 
SS86 50%Ar 0.8 0.97 0.40 0.50 Successful 
SS87 50%Ar 0.603 0.97 0.40 0.49 Successful 
SS88 50%Ar 0.446 0.97 0.39 0.49 Unsuccessful 
SS89 50%Ar 0.517 1.03 0.40 0.50 Successful 
SS90 50%Ar 0.491 1.09 0.40 0.50 Successful 
SS91 75%Ar 0.457 0.95 0.63 0.75 Successful 
SS92 75%Ar 0.358 1.03 0.63 0.75 Successful 
SS93 75%Ar 0.308 1.05 0.63 0.75 Unsuccessful 





SS97 87.5%Ar 0.344 1.07 0.75 0.88 Successful 
SS98 87.5%Ar 0.27 1.03 0.75 0.87 Unsuccessful 
SS99 87.5%Ar 0.316 1.03 0.75 0.87 Successful 
SS103 95%Ar 0.399 1.02 0.83 0.95 Successful 
SS104 95%Ar 0.354 0.96 0.83 0.95 Successful 
SS105 95%Ar 0.303 0.96 0.83 0.95 Unsuccessful 
SS64 100%Ar 0.301 1.03 0.88 1 Unsuccessful 
SS65 100%Ar 0.501 1.12 0.88 1 Unsuccessful 
SS66 100%Ar 0.302 1.08 0.88 1 Unsuccessful 
SS67 100%Ar 0.504 0.97 0.88 1 Unsuccessful 
SS68 100%Ar 0.700 0.98 0.88 1 Successful 
SS69 100%Ar 0.608 0.99 0.88 1 Successful 
SS70 100%Ar 0.557 0.99 0.88 1 Successful 
SS71 100%Ar 0.455 1.02 0.88 1 Unsuccessful 
SS80 100%Ar 0.532 1.05 0.88 1 Successful 
SS81 100%Ar 0.513 1.01 0.88 1 Successful 
 
The experimental results are plotted in the graph as shown in Fig. 4.9. The 
vertical axis is the detonation initial pressure, and the horizontal axis is the Ar 
volume ratio as in all the dilution gases (Ar+N2). We can see that when the 
dilution gas has less than 75% Argon, the critical initial pressure for a successful 
detonation re-initiation decreases with increasing Argon ratio. However, when 
Argon ratio further increases from 75% to 100%, the critical initial pressure 
starts to increase. This result suggests that the critical initial pressure is not 





probably exists a sudden change of detonation re-initiation process when Argon 
consists 75% of all the dilution gases.  
 
Fig. 4.9  Critical initial pressure against different Argon volume dilution ratio 
for successful detonation re-initiation. 
In order to find out the specialty of 75% Argon volume ratio as dilution, another 
graph was plotted in Fig. 4.10 showing Argon dilution ratio against the critical 
reduced activation energy for successful detonation re-initiation. Here the 
chemical kinetics mechanism employed to obtain both shocked state 
temperature and induction time for the calculation of reduced activation energy 
is from Wang Hai et al. [63], which has been previously validated by Schultz 
and Shepherd [25] with reasonable accuracy. The constant volume calculation 
adopted Shepherd’s algorithm [64]. We can see that the critical reduced 
activation energy decreases from 14 to 6 when the argon dilution ratio changes 
from 100% to 75%, and then keeps almost constant when further increases 
Argon ratio from 75% to 100%. According to the calculation of neutral stability 
curve, we know that detonation waves become stable when reduced activation 





the critical initial pressure for successful re-initiation decreases with increasing 
Argon dilution when detonation waves are in unstable range, and would 
increase with increasing Argon dilution when detonation waves are stable.  
 
Fig. 4.10 Critical reduced activation energy against different Argon volume 
dilution ratio for successful detonation re-initiation. 
We also analyzed the result based on the volume percentage of Argon gas in the 
mixture. It can be calculated that 75% of Argon in N2 and Argon dilution can 
be converted to approximately 63% of Argon gas in the whole mixture. This 
critical number of 63% is in good agreement with the critical value that has been 
summarized as the transition point between stable and unstable detonation in 
the previous study [65]. It also matches very well with the discontinuous point 
of detonation failure mechanisms change (60% of Argon dilution) which was 
proposed by Radulescu [27]. Since unsuccessful detonation re-initiation in the 
present study is associated with detonation failure, the explanation proposed by 
Radulescu to detonation failure mechanism can also shed some light on what 
we have observed in the re-initiation phenomenon. According to [27], it was 





detonation dynamics change. Based on their calculations of detonation 
dynamics length scale values (cell size/reaction time and cell size/reaction time) 
at various Argon dilution ratio, it was found that both values change drastically 
at 60% of Argon. Such changes of detonation dynamic length scale at 60% Ar 
dilution ratio could influence both detonation propagation and failure 
mechanisms. Thus it is very likely to be responsible for such transitional 
behavior of detonation re-initiation in the present study. 
 
4.4 Summary of re-initiation for stable detonation and the 
transitional behavior of re-initiation phenomenon 
This chapter illustrated the re-initiation phenomenon of stable detonation waves. 
The processes of successful and unsuccessful re-initiation were depicted in 
details. Through experiments performed in the same bifurcation chamber, some 
differences between unstable detonation and stable detonation have been 
revealed. The unstable detonations of Ethylene-Oxygen mixtures with nitrogen 
dilution were found to re-initiate when cell size is smaller than approximately 
20 mm in the bifurcation channel. Also, by slightly change the initial pressure 
of the mixture near the critical value, the re-initiation pattern observed from 
direct visual images shows uncertainties in the number of shock reflections 
before detonation is successfully transmitted. It was discovered that detonation 
re-initiation through three or more than three reflections are all possible patterns. 
For the stable detonations observed in this chapter, even though the re-initiation 
could still be possible in the same chamber, the maximum cell width for re-





that for unstable detonation. Although detonation re-initiation through three 
reflections is also the observed pattern at critical condition, various tests have 
proven that this may be the only pattern existed for detonation re-initiation at 
the critical initial condition.  
According to the simultaneous measurement images and the velocity changes 
of the leading wave during the whole process, it was found that unlike unstable 
detonation waves, stable detonation waves have no large velocity fluctuations 
after each shock reflection. At the second shock reflection, no matter the re-
initiation would be successful or not, the leading wave was found decelerating 
gradually at all time. Compared to the large velocity fluctuations during the 
unstable detonation wave re-initiation, such velocity evolution indicates that no 
noticeable influence from multiple transverse waves was found for the re-
initiation of stable detonation waves. Although the transverse waves’ 
interactions were found not important for the re-initiation of stable detonation 
waves, similar to unstable detonations, the second shock reflection was still 
found to be the most important reflection among the three which can determine 
the re-initiation results. 
As the testing conditions in Chapter 3 and Chapter 4 are extreme cases of highly 
unstable detonation and stable detonation, experiments were also conducted to 
explore the transitional behavior of detonation re-initiation between the extreme 
cases with varying amount of Argon dilution. It was found that when the Argon 
volume ratio in all the dilution gases increases to 75%, the corresponding critical 
initial pressure decreases from 0.95 bar to 0.3 bar. While further increase the 
Argon volume ratio to 100%, the critical initial pressure increases to 0.5 bar 





and unstable detonation, it is also believed to be the critical dilution ratio which 
can also cause abrupt detonation dynamics changes between stable and unstable 
detonation waves. Due to these effects at this particular dilution ratio value, they 
can thus contribute to the present result which indicates that the critical initial 
pressure shows just the opposite trend with increasing Argon dilution ratio for 





Chapter 5  
More on detonation re-initiation 
mechanisms 
 
5.1 Experimental verification of multiple transverse waves and 
their multiplication 
Multiple transverse waves have been revealed to exist according to both 
experimental results and numerical simulations. In order to assess their role in 
detonation re-initiation and verify the multiplication mechanism which is 
associated with the collision of the preceding wave with the wall as illustrated 
in Fig. 3.7, one dedicated experiment utilizing porous material as the wall was 
conducted. A small piece of porous foam material made from Polyurethane was 
used to replace a small section of the rigid back wall downstream of the second 
reflection location where multiple transverse waves were formed. As a soft 
material, the porous foam was capable of absorbing pressure waves that collided 
onto it, so new transverse waves could not generate or have generated but being 
relatively weak. If the multiplication mechanism was valid according to the 
simulation, with the usage of the porous foam wall, it can be anticipated that 
detonation re-initiation would fail accordingly. In addition, if the multiplication 
mechanism can be verified, and the final re-initiation can be proven to be 
unsuccessful due to the missing transverse waves, it could also provide strong 
evidence indicating that the existence of the transverse waves is essential for the 
re-initiation. Figure 5.1 shows results of the soot foil after installing the foam. 





implying that the re-initiation was unsuccessful as expected. The region after 
the second reflection can be divided into five zones where zone 1 and zone 3 
were filled with fine cells. If we compare Fig. 5.1 with Fig. 3.3 in Chapter 3, it 
is easy to see that detonation re-initiation was no longer successful after the third 
reflection as no cells were found in both zone 2 and zone 5. Even though fine 
cells appeared normally on the upstream side of MN, they ceased to exist on the 
other side. This result can be attributed to the lack of generation of new 
transverse waves and the subsequent multiplication mechanism after the leading 
wave approached the foam region. As a result, the cells that were formed before 
point M were still moving towards the front wall, while a dividing line MN 
originating from M separated the full cell region with the cell-free region. Even 
though we could vaguely identify some cellular structures in zone 4 which were 
at the right-hand side of the dividing line, the cells actually originated from the 
third reflection location J (zone 3) where fine cells were generated through 
shock reflection. As the fine cells expanded downstream to zone 4 where there 







Fig. 5.1 Soot foil result of detonation re-initiation with an open cell foam. 
More details regarding the experiment using a piece of porous foam can also be 
found from Schlieren as shown in Fig. 5.2. Schlieren pictures were taken before 
and after the third reflection at the foam region. In the first frame, it clearly 
shows the white lines trailing behind the leading shock wave, which represent 
the multiple transverse waves after the second reflection. When the leading 
shock wave reaches the foam region, the multiple white lines change to be not 
fully distributed at the front shock wave. They only exist near the front wall, 
indicating that the generation of new transverse waves stops at the back wall 





subsequent frames, the multiple transverse waves keep moving towards the 
front wall. When they reflect on the front wall, they all bounce back and become 
black lines as shown in frame 3. Even though we can see that the opposite 
moving transverse waves interact with each other in frame 3-4 temporarily, the 
transverse waves all disappear quickly, indicating that the successful detonation 
re-initiation was not achieved there. Considering that the foam reduces the 
number of transverse waves, when they reflect back on the front wall, they are 
not able to interact with each other constantly. Hence, when the chemical 
reactions due to the transverse waves' interactions are not sufficient, and the cell 
size enlargement cannot be further prevented by the insufficient transverse 
waves interactions, the re-initiation would thus fail. 
 
Fig. 5.2  Schlieren results of detonation re-initiation with an open cell foam. 
The foam experiment verifies the vital role of the multiple transverse waves on 
the re-initiation through multiple shock reflections and the proposed 
multiplication mechanism. It further proves the key contributions from the 
second last reflection, instead of the last reflection, to the entire re-initiation 
process under the current testing condition. It should be pointed out that even 





reflection, the pressure signals further downstream show the wave propagating 
at the CJ detonation velocity and with detonation pressure features, indicating 
that re-initiation was merely delayed, but not suppressed. This could be 
explained by the fact that a greater number of reflections that took place further 
downstream could still provide the multiple transverse waves to finally attain 
the conditions for detonation re-initiation. It implies that the re-initiation is more 
dominated by the nature of the mixture properties and the geometry dimensions 
eventually.      
 
5.2 Influence of the channel width to re-initiation 
Another important question to address in the present paper is to explain why 
wider vertical channel width is more favorable for successful detonation re-
initiation. According to the previous imaging results and the literature [39-41], 
it can be discovered that longer channel width will lead to longer diffraction 
period before the first reflection which could make the resultant diffracted wave 
weaker than that in a shorter channel width. So the result in Fig. 3.14 seems 
counter intuitive. Figure 5.3 shows high speed Schlieren imaging results of 
deflagration propagation in the same geometry confinement. The location of the 
spark plug was changed so that the DDT orifices were not enough to cause a 
complete detonation transition before the bifurcation chamber inlet. So the inlet 
wave into the bifurcation channel is a deflagration wave. It can be observed that 
when the first reflection occurred, the leading shock wave directly initiated a 
local explosion before the trailing flame reached the front wall. This is because 
the reflected shock wave from the front wall recompressed the mixture in the 





onset of local explosions. After the first reflection, the Mach stem did not 
decouple instantaneously as shown in Fig. 5.3. Instead, the subsequent images 
indicate that deflagration is more likely to cause detonation initiation as the 
leading shock wave and the flame coupled together for a longer time until a 
noticeable gap showed up. One more example of DDT process observed in the 
bifurcation channel provides more evidence to support the speculation that a 
deflagration wave is more favorable for detonation transition in such a geometry 
confinement. As shown in Fig. 5.4, a precursor shock wave was generated in 
the horizontal channel which is moving at 0.65VCJ. It can be observed that when 
the precursor shock hit on the wall, a local explosion was induced from the front 
wall in frame 4 which instantaneously expanded outwards. Due to the high 
propagation velocity, it quickly caught up with the diffracted precursor shock 
in the vertical channel. The multiple shock reflections were similar to that in 
Fig. 3.11, but the last few frames show multiple striations at the wave front 
which indicates that cellular structures have been formed. According to the 
pressure sensors, the detonation transition was found successful in this firing 
shot. So it proved that a fast and strong inlet wave before the first reflection 
might not be the criteria to determine successful re-initiation. On the contrary, 
the results show just the opposite trend suggesting that a slow deflagration wave 






Fig. 5.3  Detonation transition from a deflagration wave in the same bifurcation 
channel. 
 






Since all the results in Fig. 5.3-5.4 and the successful re-initiation cases in wider 
channel width all have relatively long separations between the leading shock 
and the flame front, thus it is reasonable to speculate that the gap between the 
leading shock and the flame front may play an important role to promote 
detonation re-initiation. If the channel width is longer, then a longer diffraction 
process can be expected at the bifurcation region which could lead to a longer 
induction length with highly reactive mixtures in it. So the subsequent reflection 
could be more likely to cause a strong reflected wave due to the recompression 
of the pre-compressed mixture. While as in a narrow channel width, the wave 
before reflection is still closely coupled with the trailing flame region. So the 
reflected wave after the first reflection will propagate in a burnt mixture for a 
short while before it reaches the unburnt mixture near the back wall, and the 
strength of the reflected wave is thus much weaker than the case with a wider 
channel width. Considering that the compression effect from the reflected 
waves constitutes a major combustion mechanism for both stable and unstable 
detonation, thus an unsuccessful re-initiation due to the weak reflected wave 
could be expected in this case.  
In order to further prove the speculation regarding the influence of the induction 
length to re-initiation, another two special channel confinements as shown in 
Fig. 5.5 were designed for experimental investigation. Each of them was 
designed with an extrusion into the vertical channel. One has an extrusion of 15 
mm into the vertical channel which decreases the local channel width to 25 mm, 
and the other one has an extrusion of 25 mm into the vertical channel which 
decreases the local channel width to 15 mm. The reason for such a design is to 





reduce the time for the development of induction length. At the same time, such 
a geometry design can keep the same 40 mm channel width at downstream 
which has been proven to be capable for successful detonation re-initiation 
through all the subsequent reflections. Since only the induction length before 
the first reflection would be changed in this new geometry confinement during 
the whole re-initiation process if compared with a normal case, we could thus 
identify the role of induction length on detonation re-initiation by conducting 
the same experiment in this new geometry confinement.  
 
Fig. 5.5  A new geometry confinement with extrusion into the vertical channel 
(15 mm/25 mm). 
Figure 5.6-5.9 shows detonation re-initiation results in the new channels with 
different extrusion geometries. For the firing shot with 15 mm local channel 
width at the extrusion location as shown in Fig. 5.6-5.7, the first shock reflection 
is similar to the successful re-initiation case in Fig. 3.8. It was found that the 
first reflection can induce a strong Mach stem, and then the leading shock wave 
also decoupled with the flame region in frame 2. However, in frame 3, the 





detonation as what has typically been observed in successful cases. So this result 
indicates that when the induction length before the first shock reflection 
decreases, re-initiation will become unsuccessful even if the downstream 
channel keeps the same 40 mm width. When the extrusion into the vertical 
channel decreases to 15 mm, the geometry can allow relatively longer time for 
development of induction length. The experiment in this geometry confinement 
as shown in Fig. 5.8-5.9 indicates that when induction length increases, the re-
initiation will be successful again. So to summarize the results, we can make a 
conclusion that the reason why longer channel width is more preferred for 
detonation re-initiation is due to the more reactive mixture within the induction 
length. If the channel width is longer than a critical value, the distance will allow 
sufficient time for the diffracted detonation to develop a long induction length 
which can subsequently contribute to a strong shock reflection, and thus result 
in detonation transition at downstream.  
 







Fig. 5.7  Simultaneous measurement of 25 mm extrusion into the vertical 
channel. 
 







Fig. 5.9  Simultaneous measurement of 15 mm extrusion into the vertical 
channel. 
 
5.3 Influence of the wave curvature to re-initiation. 
Velocity information of the leading waves which are generated after shock 
reflections have been presented in Chapter 3 and Chapter 4. The results show 
that at the critical condition, a reactive Mach stem needs to be generated after 
the second reflection if re-initiation can be successful. Even though the velocity 
change during the whole process could provide us with some insight about how 
re-initiation was formed. It remains unsolved how re-initiation could be 
achieved even if the waves after each reflection continue decaying to sub-CJ, 
and why the final re-initiation takes place at the third reflection instead of at an 
earlier or later reflection.  
Previous attempts have been made to solve the problem. Eckett [24] 
investigated the detonation reaction zone structure equation and looked for all 






























The equation is written in a reference frame on the shock wave, and ω is the 
flow velocity in the shock-attached reference frame. By analyzing the equation, 
we can see that the first two terms on the right-hand side of the equation are 
contributions from reaction heat release and the wave curvature, respectively. 
The remaining terms are influences from wave unsteadiness. So the propagation 
of a detonation wave is essentially controlled by these 3 factors.  
In 1996, He [66] proposed an analytical solution to explain the influence of the 
leading wave's curvature to direct initiation of a self-sustained detonation wave. 
Through numerical simulations, it was concluded that a detonation wave could 
only exist if its radius is larger than the critical value Rc and the velocity greater 
than the critical value Dc. For a detonation wave which has a smaller curvature 
than Rc, the generalized CJ solution does not exist. So the curved detonation 
wave will always be weakened by the rarefaction wave, and thus the wave 
cannot sustain. Even though He's derivation based on one-dimensional 
detonation without considering multi-dimensional disturbances, the results 





and self-sustained propagation. According to [66], we have a system of one-
dimensional partial differential equations of gasdynamics in the frame of the 
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= −𝜔                                             (5.5) 
After integrating the corresponding steady equations above, we have： 
𝜌2𝑣2 = 𝜌1𝐷(1 − Γ1)                                           (5.6) 
𝜌2𝑣2
2 + 𝑝2 = 𝜌1𝐷

















𝐷2 + 𝑄                         (5.8) 
The source terms for the first two equations are represented as: 
Γ1 = (𝜌𝑣𝑁𝐶𝐽 − 1)
𝐿𝑖
𝑅𝑠




Γ1                                              (5.10) 
According to He and Calvin [67], when we assume small temperature variation 
in the induction zone and relatively big reduced activation energy of the mixture, 





detonation phenomenon. In this case, the induction length for Arrhenius 
reaction only depends on the temperature at the von Neumann state, and thus 









)                                (5.11) 
By solving the above equations, a non-linear curve can be derived as shown 













)       (5.12) 
The critical velocity and radius point on the non-linear curve exist on the left of 












                                             (5.14) 
Here using the Matlab environment Cantera, the induction length can be directly 
calculated based on Shepherd’s algorithm [64]. Considering the importance of 
wave curvature, the leading wave diameter after each reflection was also 
measured from the images. We assume that the leading wave after each 
reflection has a circular shape. For each image, random 3 points can be selected 
on the leading wave front and then used to determine a circle. If the coordinates 
of the three points can be extracted as (x1, y1), (x2, y2), (x3, y3), then the radius 
can be calculated using the equation: 
R = a × b ×
c
4 × A





where a, b, c are the three sides of the triangle and A is the surface area of the 
triangle reconstructed from the 3 points.  
In order to minimize human error and uncertainty from the selection of the three 
points, a program was written to automatically select the darkest (or brightest) 
pixel near the chosen points on the leading shock wave as the final pixel for 
circle reconstruction (if the leading shock wave is shown as a dark curve). 
Starting from stable detonation waves, Fig. 5.10 plots the wave velocity 
information against the extracted curvature radius from firing shot SS67 (more 
examples to be presented in Appendix C). Each individual point in the figure 
represents the wave curvature and velocity information at one frame after each 
shock reflection. Due to the large uncertainties of curvature measurement when 
the leading wave is small, only radiuses of big front waves were measured, so 
only one frame after each shock reflection was chosen. The marginal solution 
curve for quasi-steady detonation and the corresponding critical 
curvature/velocity point have also been drawn on the graph to show its relative 
position with the individual points. Due to the relatively low activation energy 
of the mixtures, the lower branch of the marginal quasi-steady state solution 
does not correspond to stable detonation regime [66]. So here only upper branch 
was plotted. Point SS67_1 represents the leading wave of one image frame after 
the first reflection. It can be found that when the leading wave was at 90 mm 
from the horizontal channel center axis, or alternatively at the location 
immediately before the second reflection occurs, it was propagating at 0.55VCJ 
with a curvature radius of 168LCJ. Based on equations 5.13 and 5.14, the critical 
velocity and curvature radius are calculated to be 0.926VCJ and 266LCJ, 





solution curve. Individual points SS67_2 and SS67_3 represent the leading 
wave after the second and the third shock reflection, respectively. According to 
the location of the two points, they were both found far below the critical point. 
If we assume that the leading wave curvature radius immediately after the each 
reflection is small, and it gradually expanded outwards with increasing radius, 
then the arrow trajectory which represents the wave evolution on the graph will 
be from the region of small radius and high velocity to the region of large radius 
and low velocity (and the trajectory goes through the point). As shown in Fig. 
5.10, the trajectory in this case could never intersect with the marginal solution 
curve. Since SS67 experimental results indicate unsuccessful re-initiation after 
each shock reflection, thus we can see that generally, the analysis based on the 
marginal solution curve complies well with the experimental findings.  
 
Fig. 5.10 Leading wave curvature and velocity of firing shot SS67. 
Then we turn to the successful re-initiation case, e.g. firing shot SS81 as shown 
in Fig. 5.11. The wave after the first reflection for each firing shot shows a 





a detonation wave through single reflection. The corresponding point after the 
third shock reflection is below the marginal solution curve. Therefore, the wave 
propagation trajectory after the third shock reflection would probably intersect 
with the marginal solution curve, and the re-initiation would be successful after 
the third shock reflection. The second reflection can directly initiate a strong 
Mach stem at 1520 m/s (1.1VCJ). After propagating to 135 mm from the 
horizontal channel center axis, the velocity decreases to 0.89VCJ. Based on the 
direct measurement of wave velocity and curvature radius, the corresponding 
point of the wave after the second shock reflection is very close to the critical 
point. It is thus difficult to judge if the wave propagation trajectory could 
intersect with the marginal solution curve or not. Some estimations of the 
trajectory have been conducted. First, we directly adopted the same method that 
has been applied by He and Clavin [67] using blast wave propagation. The wave 
after each shock reflection is approximated as a blast wave originating from a 
point source. According to Taylor [68] and Sedov [69], the leading wave 
velocity and the curvature radius of such a cylindrical blast wave can be 
represented using a hyperbola function. So based on one existing point from the 
direct measurement of wave velocity and curvature, the trajectory can be drawn 
as shown in Fig. 5.11 which intersects with the marginal solution curve after the 
second shock reflection. In order to see if the prediction of the trajectory curve 
is accurate, more direct measurements of the images on the curvature radius and 
the velocity were conducted and the another trajectory is then predicted. Due to 
the chemical reactions behind the leading shock which can result in relatively 
slow velocity decrease during propagation, it was found that the real trajectory 





blast wave. One major difference is that the real trajectory based on velocity 
and radius measurement does not intersect with the marginal solution curve. 
This result complies well with the experimental images which indicate that the 
re-initiation under this test condition is only successful after the third reflection. 
Therefore, we could see that the prediction using blast wave may not reflect the 
real wave propagation due to the influence from the trailing combustion 
reactions. It has also been proven that the marginal solution curve can be used 
to predict the re-initiation process. 
 
Fig. 5.11 Leading wave curvature and velocity of firing shot SS81. 
Even though the re-initiation process in the present study is different from the 
direct initiation of detonation in [66], we can still simplify it as a detonation 
initiation process from a diffracted detonation wave with multiple sudden 
energy inputs through shock reflections. So based on the trajectory as shown in 





propagation trajectory can be drawn to illustrate the re-initiation process (see 
Fig. 5.12). As shown in the figure, some quantitative individual points have 
been added on together with the possible trajectories which represent the waves' 
evolution during re-initiation. After the first shock reflection, an instantaneous 
strong Mach stem can be generated. Due to its fast velocity and the small radius, 
the original point on the graph would be at the left top corner. After a short time 
decay, the corresponding point of the wave quickly goes towards the direction 
of the point SS81_1 along the trajectory without intersecting with the marginal 
solution curve. Since each shock reflection acts as an instantaneous stimulation 
to the wave's strength, the trajectory will quickly go towards the top left corner 
and initiate another attenuation towards the quantitatively identified point 
SS81_2 which does not intersect with the marginal solution curve, neither. The 
third shock reflection would repeat the same process. However, owing to the 
location of the individual point SS81_3 which is right below the marginal 
solution curve, the trajectory coming from the top left corner would then 
intersect with the marginal solution curve, indicating that detonation can be re-
initiated from this time on. So according to He [66], the subsequent evolution 
of the wave would follow the trajectory around the marginal solution curve 






Fig. 5.12 Quantitative illustration of successful re-initiation based on marginal 
solution curve. 
A few more examples of analysis using the marginal solution curve can be found 
in Appendix C. Take the detonation shot SS68 as another example. The test 
condition is similar to that of SS81 except for the initial pressure. The initial 
pressure of SS68 is 0.7 bar, which is much higher than the critical pressure of 
approximately 0.5 bar. Due to such a high initial pressure, the cell width would 
become smaller which is more favorable for detonation re-initiation. Thus fewer 
times of shock reflection would be needed for successful detonation re-initiation. 
As shown in Fig. 5.13, the analysis based on blast wave prediction and real 
image measurements was conducted. We can see that the trajectories which are 
based on image measurement and blast wave prediction intersect with the 
marginal solution curve. So it suggests that only two times of shock reflection 
would be required to achieve successful detonation re-initiation at 0.7 bar initial 
pressure. It also complies well with the experimental results which shows a 





the second shock reflection, indicating that re-initiation is likely to occur after 
only two times of shock reflection. 
 
Fig. 5.13 Leading wave curvature and velocity of firing shot SS68. 
From the firing shot near the critical condition, we see that the one-dimensional 
quasi-steady model for detonation can explain the re-initiation phenomenon of 
stable detonation waves after each shock reflection. As for unstable detonation 
waves, the same experimental measurement of the curvature and radius was also 
conducted. One example of the unsuccessful re-initiation case of firing shot 
SS76 is illustrated in Fig. 5.14. We can see that the criteria can still be used as 
a reliable way to predict the re-initiation results. In the figure, all the 
corresponding points after shock reflection are widely deviated from the 
marginal solution curve, inferring that a self-sustained detonation wave would 
not exist. One successful re-initiation case of SS73 is shown in Fig. 5.15. The 
curvature radius was measured to be far smaller than the critical radius 1056LCJ. 





the critical velocity of 0.96VCJ. After the second shock reflection on the wall, 
the curvature radius was very difficult to measure because the whole Mach stem 
is no longer an arc shape. Due to the existence of the multiple transverse waves 
which could greatly result in big local velocity fluctuations, the curvature of the 
Mach stem is not a constant throughout the curve. So it is difficult to use the 
quasi-steady solution to correlate with the experimental results. Neither can we 
determine the validity of this method to unstable detonation waves. One point 
to note of this method is that it is based on one-dimensional instability theory, 
which doesn't take multi-dimensional effect into account. For highly unstable 
detonation, the multi-dimensional disturbance may become more important 
which was not accounted for in the method. Besides, the intrinsic unsteadiness 
effect from the unstable detonation front can induce additional failure to the 
detonation wave which dominates the quenching mechanism [25, 66].   
 






Fig. 5.15 Leading wave curvature and velocity of firing shot SS73. 
Based on these analyses, we can conclude that predicting detonation re-
initiation can be taken as the same process of evaluating if the waves generated 
after each shock reflection can be self-sustained or not. The quasi-steady 
solution needs to be applied to the waves after each shock reflection, and see if 
the trajectory during development and further propagation can intersect with the 
marginal solution curve. According to above experimental results, we can see 
that, generally, the method using quasi-steady solution can be used to estimate 
and explain the detonation re-initiation process, especially for stable detonation 
waves. Due to the multi-dimensional unsteady effect from the unstable 
detonation waves which is not included in the quasi-steady theory, the 
employment of such analysis and prediction of detonation re-imitation may thus 





Chapter 6  
Conclusions  
 
Detonation re-initiation through multiple shock reflections has been 
investigated in the present study as it has wide applications in industrial 
explosion hazard preventions. Even though previous studies have been 
conducted to address the critical conditions for re-initiation, the lack of direct 
observations of the re-initiation phenomenon and the discrepancies exist 
between some previous studies stimulated us to choose this topic as the main 
research interest. It should be noticed that the present study was not intended to 
repeat the same job of summarizing critical conditions as some outstanding 
previous studies did, but mainly attempt to clarify the detailed re-initiation 
processes and further identify the differences of detonation re-initiation 
mechanisms between stable detonation and unstable detonation. Another topic 
regarding the transitional behavior of re-initiation from stable to unstable 
detonation has also been addressed. The research methodology is mainly based 
on optical measurement techniques, including Schlieren photography, PLIF, 
open shutter photography and other non-optical measurement technique to 
provide us with a clearer visual of the detailed re-initiation processes from 
several different perspectives. 
Due to various propagation mechanisms, the corresponding re-initiation 
mechanisms for the stable and the unstable detonation waves can also expect to 
be different. According to the optical measurement of the multiple reflected re-





second last reflection is the most critical for re-initiation instead of the last 
reflection. This is because, during the second last reflection, a train of multiple 
transverse waves can be generated. They were observed to reflect back from the 
wall, interact with one another and form the cellular shaped structures which 
resemble the transverse waves in a typical detonation wave. Besides, a 
transverse wave multiplication mechanism was discovered to play an important 
role to assist re-initiation. Velocity information extracted from high speed 
images revealed a critical velocity of 1000 m/s of the wave before the second 
shock reflection for successful re-initiation. This critical velocity is acting as a 
threshold below which the multiple reflections cannot progressively accelerate 
the wave and achieve detonation. The velocity information verified that the 
second shock reflection could directly determine the final re-initiation results 
by seeing if a reactive Mach stem and a reactive transverse detonation can be 
generated. It also shows large velocity fluctuations due to the interactions of the 
transverse waves. Regarding the re-initiation pattern, it was found not unique 
near the critical conditions. Detonation re-initiation can be achieved with 
various modes which require different times of shock reflections. This is 
because during the leading wave attenuation, the shock wave and the trailing 
flame can propagate for a relatively long time at half CJ velocity while they are 
still weakly coupled together. So whenever a suitable condition can be reached 
through a random shock reflection at the very downstream, the re-initiation 
could still be possible. 
Re-initiation of stable detonation was observed to be similar with that of 
unstable detonation. A critical velocity threshold of stable detonation waves was 





re-initiation was also found characterized by a transverse detonation after the 
second shock reflection. Some differences can be observed based on the 
experimental results. It was discovered that the transverse waves’ interactions 
were not evident in this case. No velocity fluctuations exist during the 
propagation of the waves. Moreover, the re-initiation pattern near the critical 
conditions was found without so many uncertainties in the required number of 
shock reflections. All successful re-initiations were achieved with the same 
pattern after three shock reflections. This is because being different from the 
unstable detonation waves, the stable detonation waves usually decay much 
faster after each shock reflection. As the leading shock and the trailing flame 
separate with each other rapidly, the re-initiation is thus not possible after a long 
time propagation. More experiments were conducted between the extreme cases 
of stable and unstable detonation to investigate the transitional behavior of 
detonation re-initiation. It can be concluded that there exists a critical condition 
in which a sudden change of critical initial pressure occurs at Argon dilution 
ratio of 75%. The results also show just the opposite trend of critical initial 
pressure with increasing Argon dilution ratio for stable detonation and unstable 
detonation. This value is found consistent with other previous studies, which 
can be explained by the sudden change of the detonation dynamics between 
stable and unstable detonation at this value of dilution. To reveal the reason why 
re-initiation is always achieved through 3 shock reflections, a marginal solution 
curve which is based on quasi-steady solution of detonation was found able to 
give a reasonable explanation. Through analysis, it shows that re-initiation can 
be simplified as several detonation initiation problems after all shock reflections. 





always corresponds to the trajectory which crosses the marginal solution curve 
for the first time.  
Further more experiments were conducted to validate the speculations about 
detonation re-initiation mechanisms. By installing a porous foam material on 
the wall to replace the rigid metal wall, it was found that detonation re-initiation 
failed immediately after the second shock reflection, indicating that the 
speculation of the influence from the multiple transverse waves to detonation 
re-initiation is valid. In addition, due to the disappearing cellular structures near 
the foam region, the multiplication mechanism of transverse waves which was 
proposed based on the simulation results was also proven to be valid. Regarding 
the explanation to the fact that wider channels were found favorable for 
detonation re-initiation, it was discovered that even though the wider gap 
between the channel wall would allow longer time for the leading wave to 
quench, it is, in fact, the highly reactive mixture in the induction zone which 
could facilitate the shock reflections by inducing a strong reactive Mach stem 
and thus finally induce detonation transition.  
Regarding the discrepancies of the summarized critical conditions for 
detonation re-initiation between previous studies, it was revealed that this is 
probably due to the different length of the geometry confinements. As multiple 
reflected re-initiation requires a longer distance to fully develop, then a case 
which is supposed to be a successful re-initiation case would be interpreted as 
unsuccessful if the cut-off distance is shorter than required. So if take this factor 
into consideration, the various summaries of the critical conditions for re-





Based on all the experiments and numerical simulations, certain research gaps 
have been filled through the present study by revealing the detailed re-initiation 
process and the corresponding mechanisms. However, some unresolved 
questions still need to be addressed in the future follow-up studies. A 
supplement to extend the present study could be done to develop a detailed 
model which could accommodate unstable detonation features to predict the re-
initiation results. More attentions could also be focused to explain the reason 
why certain trends of critical initial pressure exist in the transitional behavior of 
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O2/fuel Ar/fuel N2/fuel 
Initial 
pressure 
Results Ar/Ar+N2  
SS73 2.99 0 11.26 1 successful 0 
SS74 2.95 0 11.11 0.792 unsuccessful 0 
SS75 2.93 0 11.06 0.904 unsuccessful 0 
SS76 2.95 0 11.12 0.954 successful 0 
SS77 2.96 0 11.14 0.981 successful 0 
SS78 3.03 0 11.43 1.052 successful 0 
SS79 2.97 0 11.18 1.043 successful 0 
SS86 3.06 8.38 8.25 0.8 successful 0.50 
SS87 3.09 8.38 8.43 0.603 successful 0.49 
SS88 3.09 8.27 8.36 0.446 unsuccessful 0.49 
SS89 2.90 7.92 7.72 0.517 successful 0.50 
SS90 2.73 7.42 7.18 0.491 successful 0.50 
SS91 3.14 16.31 5.29 0.457 successful 0.75 
SS92 2.88 14.93 4.87 0.358 successful 0.75 
SS93 2.85 14.96 4.90 0.308 unsuccessful 0.75 
SS96 2.80 20.14 2.77 0.403 successful 0.87 





SS98 2.90 20.97 3.03 0.27 unsuccessful 0.87 
SS99 2.89 20.89 2.89 0.316 successful 0.87 
SS100 2.96 3.295 9.59 0.648 successful 0.25 
SS101 2.93 3.27 9.46 0.546 unsuccessful 0.25 
SS102 2.99 3.30 9.54 0.598 successful 0.25 
SS103 2.93 25.88 1.23 0.399 successful 0.95 
SS104 3.11 27.40 1.30 0.354 successful 0.95 
SS105 3.10 27.07 1.35 0.303 unsuccessful 0.95 
SS64 2.88 28.89 0 0.301 unsuccessful 1 
SS65 2.67 26.13 0 0.501 unsuccessful 1 
SS66 2.77 27.47 0 0.302 unsuccessful 1 
SS67 3.08 30.60 0 0.504 unsuccessful 1 
SS68 3.06 29.86 0 0.700 successful 1 
SS69 3.02 29.64 0 0.608 successful 1 
SS70 3.02 29.78 0 0.557 successful 1 
SS71 2.94 28.74 0 0.455 unsuccessful 1 
SS80 2.84 28.02 0 0.532 successful 1 








Critical curvature radius and propagation velocity of the 
















successful SS86 1671.9 1763 0.34 8.37 0.940 420 
successful SS87 1664 1747 0.46 8.26 0.939 415 
unsuccessful SS88 1660 1738 0.62 8.04 0.937 404 
successful SS89 1677.7 1766 0.47 7.87 0.936 397 
successful SS90 1692.2 1781 0.45 7.64 0.934 389 
successful SS91 1589.8 1874 0.46 6.72 0.925 303 
successful  SS92 1603.4 1886 0.54 6.54 0.923 297 
unsuccessful SS93 1598.8 1878 0.64 6.50 0.923 294 
successful SS96 1570.9 1974 0.44 6.23 0.919 266 
successful SS97 1569.3 1971 0.51 6.17 0.918 263 
unsuccessful SS98 1550.9 1936 0.74 6.28 0.920 267 
successful SS99 1558.8 1955 0.59 6.17 0.919 262 
successful SS100 1751.6 1671 0.53 10.26 0.951 565 
unsuccessful SS101 1750.8 1669 0.60 9.94 0.949 547 
successful SS102 1750.5 1670 0.56 10.14 0.950 557 
successful SS103 1537.7 2017 0.46 6.02 0.917 245 
successful SS104 1524.4 1996 0.55 6.06 0.917 245 





unsuccessful SS64 1521.2 2046 0.60 5.92 0.915 234 
unsuccessful SS65 1549.1 2092 0.31 5.91 0.915 236 
unsuccessful SS66 1530 2058 0.57 5.84 0.914 232 
unsuccessful SS67 1521.4 2054 0.37 6.17 0.919 243 
successful SS68 1533.4 2076 0.25 6.05 0.917 239 
successful SS69 1531.9 2072 0.29 5.99 0.916 237 
successful SS70 1529 2067 0.32 5.96 0.916 235 
unsuccessful SS71 1531.9 2068 0.38 6.00 0.916 237 
successful SS80 1539.2 2081 0.32 5.95 0.915 236 
successful SS81 1532 2070 0.34 5.96 0.916 236 
successful SS73 1823.7 1592 0.63 14.06 0.964 829 
unsuccessful  SS74 1823.2 1590 0.72 13.62 0.963 804 
unsuccessful SS75 1827 1594 0.65 13.78 0.963 814 
unsuccessful   SS76 1826.4 1594 0.63 13.90 0.964 766 
successful  SS77 1826.6 1594 0.62 13.94 0.964 823 
successful  SS78 1820.6 1589 0.63 14.23 0.964 837 









Other firing shot examples near the critical re-initiation 
conditions with the corresponding marginal solution curve. 
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